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ABSTRACT

Context. Type 1I supernovae (SNe) are the most common terminal stellar explosions in the Universe. With SNe now being detected within days
after first light, there is growing evidence that most Type II SNe (SNe II) show signs of interaction with a dense, confined circumstellar material
(CSM) in the first few days after first light.

Aims. We aim to bridge the gap between single SN studies showing early-time interaction in their spectra and statistical studies of early-time SN
light curves, which imply the existence of CSM.

Methods. We present a sample of 68 Type II SNe with both early photometric data obtained by the ATLAS survey and spectroscopic data obtained
by the ePESSTO+ collaboration. A subset of the sample is classified based on the presence or absence of narrow spectral features with electron-
scattered broadened wings in the early spectra, indicative of interaction with the CSM. We characterised the photometric and spectroscopic
properties of the sample by measuring rise times to maximum light, peak magnitudes, decline rates, and line velocities. Additionally, we measured
the ratio of absorption to emission (a/e) of the Ha P-Cygni profile.

Results. Our analysis reveals that SNe II showing early spectroscopic signs of interaction with the CSM decline faster and are brighter than those
without. However no difference was found in rise times between the two groups. A clear separation can be observed in the a/e ratio, namely,
SNe with signs of interaction exhibit lower a/e ratios at all epochs compared to those without. Our results highlight that understanding SN II

ejecta-CSM interaction requires large uniform samples of photometric and spectroscopic data, such as the one presented in this work.
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1. Introduction

Type 1I supernovae (SNe II) are the most abundant terminal
explosions. They arise from stars more massive than =8 M
(Lietal. 2011; Shivvers et al. 2017) that have retained their
hydrogen envelopes. Direct detection of progenitor stars has
established conclusive evidence that these SNe arise from red
supergiant (RSG) stars (e.g. Maund et al. 2005; Fraser et al.
2012; Van Dyk et al. 2012; Smartt 2015; Kilpatrick et al. 2023).
A subclass of SNe II are Type IIn, which show narrow emission
lines in their spectra. Such narrow emission lines are thought
to result from the collision between the SN ejecta and slow-
moving dense circumstellar material (CSM) near the progenitor
star (Schlegel 1990). Until recently, it was believed that ‘nor-
mal” SNe II explode in relatively clean environments, where any
interaction between the SN ejecta and their environment had a
negligible effect on the observed transient. However, this picture
changed in the past decade.

In recent years, there has been an increasing number of early-
time observations of SNe II, within days or even hours after first
light. Several surveys now focus on discovering transients with
high cadence, providing such early-time observations. Observa-
tions of some SNe II within hours to a few days after first light
reveal spectra dominated by narrow, highly ionised emission
lines with electron-scattered wings (also called ‘flash features’),
which come from the photo-ionisation of a dense, slow-moving

* Corresponding author: keilaertini@gmail.com

CSM by shock breakout (SBO) photons (e.g. Niemela et al.
1985; Leonard et al. 2000; Yaron et al. 2017). However, in con-
trast to SNe IIn, these features then gradually disappear on
timescales of hours to days as the SN ejecta overrun the CSM,
and spectra transform to those of ‘normal’ SNe II. Sample stud-
ies centred on these high ionisation features can be found in
Khazov et al. (2016), Bruch et al. (2021), Bruch et al. (2023),
and Jacobson-Galan et al. (2024).

In the past years, the discovery of two nearby SNe II made it
possible to constrain CSM properties with significant precision.
SN 2023ixf and SN 2024ggi were discovered by Itagaki (2023)
and Srivastav et al. (2024), respectively, and they were both
located at ~7 Mpc. Their early detection enabled detailed track-
ing of the flash features, allowing estimations of their mass-loss
(M) histories and progenitor properties and providing constraints
on late-time stellar evolution and progenitor density profiles.
Another relevant example is SN 2021yja, which was detected
only approximately 5hours after first light (Smith et al. 2021).
Unlike SN 2023ixf and SN 2024ggi, it did not exhibit flash fea-
tures in its early spectra. However, it did show broader features
and a particular ‘ledge-shaped’ feature around 450-480nm,
which has been interpreted as a possible sign of interaction with
a low-mass CSM (Hosseinzadeh et al. 2022; Soumagnac et al.
2020). These cases highlight the diversity in early-time spec-
troscopic signatures among SNe II and also how the vary-
ing degrees of CSM interaction can shape early-time transient
evolution.
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The spectra of SNe II during the plateau phase also exhibit
signs of interaction with the CSM. For instance, Faran et al.
(2014) analysed a sample of 23 SNe and identified potential evi-
dence of CSM interaction in the spectra of at least six events.
These SNe displayed high-velocity features in the blue wing of
Ha during the plateau phase, with a similar behaviour observed
in HB. Subsequently, Gutiérrez et al. (2017a) conducted a com-
prehensive study of over 100 SNe II and reported further poten-
tial indications of CSM interaction in a significant fraction of the
sample during the recombination phase.

The early rise of SN II light curves (LCs) can provide con-
straints on the progenitor and its environment. In a clean envi-
ronment, the properties of the LC during the early radiation-
dominated phase primarily depend on the progenitor radius,
explosion energy, and progenitor mass. When the CSM is
considered, the influence of the progenitor properties on the
early LC diminishes, whereas the properties of the CSM have
a significant effect (Moriyaetal. 2011; Dessartetal. 2017,
Dessart & Jacobson-Galan 2023; Cosentino et al. 2025). Sam-
ple studies using observations of SNe II focusing on the early
behaviour have elucidated the observation of this effect. The
rise times in observed broadband LCs are found to be short
relative to what is expected in clean RSG progenitor explo-
sions. This discrepancy was first identified observationally by
Gall et al. (2015) and Gonzélez-Gaitan et al. (2015) and later by
Rubin et al. (2016) and Bruch et al. (2023). However, these rise
times are long compared with the expected shock breakout from
the stellar surface. Gonzalez-Gaitdn et al. (2015) attributed the
short rise times to either the shock cooling caused by the core
collapse of an RSG with compact and dense envelopes or to the
delayed SBO following the collapse of an RSG with an extended
atmosphere or pre-SN CSM. Analysing a sample of 26 SNe II,
Forster et al. (2018) argued that the observed emission is con-
sistent with the SBO through a dense CSM rather than directly
from the stellar surface. This finding suggests that the character-
istic hour-long SBO timescales expected from stellar envelopes
may be rare in nature. Instead, in most SNe II, the SBO could be
delayed due to the presence of significant CSM.

In the past decade, modelling efforts have been made to
understand the early behaviour of LCs and the spectra of
SNe II and to understand how they are affected by CSM inter-
action. Studies that modelled RSG star explosions embedded
in a variety of dense envelopes have shown that the early
luminosity, colour evolution, and photospheric velocities are
strongly affected by the properties of the CSM and that if the
CSM is dense enough, the SBO is delayed (Moriya et al. 2011;
Morozova et al. 2017; Dessart et al. 2017). When comparing
some of these models with observations of SNe II with early
interaction (i.e. those showing flash ionisation lines), high mass
loss rates are usually required, M ~ 1073—1072 My yr~!, while
what is observed in RSGs is of the order of M ~ 107 M yr~!
(Beasor & Davies 2018). However, when taking the RSG wind
acceleration into account, even if the mass-loss rate of the pro-
genitor is relatively low, it can produce a dense CSM at the
immediate stellar vicinity, and the early LCs of SNe II can be
significantly affected (Moriya et al. 2018, 2023).

Discrepancies arise when comparing what is expected from
standard stellar evolution theory with the observations of SNe II
with early interaction. While models predict that the luminosity
and colour evolution should be strongly influenced by the prop-
erties of the CSM at early times, Bruch et al. (2023) argued that
SNe II showing flash features are not significantly brighter nor
bluer nor more slowly rising than those without. They suggest
that the CSM creating the flash features is not massive enough

A29, page 2 of 18

to significantly contribute to the luminosity of SNe II. On the
contrary, Jacobson-Galan et al. (2024) and Jacobson-Galdn et al.
(2025) recently reported that SNe II with early interaction do
appear to be bluer and more luminous. These inconsistencies
could be due to how the samples are constructed and classi-
fied based on flash spectroscopy. They nevertheless highlight
the ongoing uncertainty regarding how RSG progenitors gener-
ate the required dense CSM and how this affects the observed
properties of SNe II.

The objective of this work was to combine the detailed spec-
troscopic analysis of individual events with large-scale statisti-
cal LC analysis to further understand the frequency and effects
of early interaction on the properties of SNe II. We present an
early-time photometric analysis of a large SN II sample, and we
complement it with a large set of spectroscopic data obtained
from early times to plateau epochs.

This paper is organised as follows: In Section 2 we present
the sample, including the LCs and spectra. In Section 3 we out-
line the methods employed for the photometric and spectral mea-
surements. Section 4 presents the correlations between parame-
ters, and in Section 5 we discuss our results.

2. Data sample

The SN II sample was compiled between 2019 and 2023 mak-
ing use of the Asteroid Terrestrial-impact Last Alert System
(ATLAS; Tonry et al. 2018; Smith et al. 2020) for the photom-
etry, and of the Public European Southern Observatory Spec-
troscopic Survey of Transient Objects (ePESSTO+) collabora-
tion (Smartt et al. 2015) for the spectral data. To select objects
we first did an initial screening among all discovered transients.
The SNe were then selected based on the following criteria: (1)
being classified as an SN II, (2) having ATLAS photometry, (3)
having a constraining non-detection fewer than four days before
the first detection, (4) being estimated to become brighter than
18th mag at optical wavelengths at maximum light, and (5) being
observable from La Silla Observatory and continuing to be so for
the next few months. We note that our ePESSTO+ project was
approved as low priority, given the large number of SNe that we
intended to follow. Some other projects had higher priority and
that resulted in some of our SNe not being observed spectroscop-
ically. Taking these criteria into account, we collected data from
77 SNe. We excluded Type IIn and IIb SNe.

We downloaded the photometry from the ATLAS forced
photometry server'. The measurements from the photometry
server come from a point spread function fitting routine, based
on algorithms from Tonry (2011) and Sonnett et al. (2013). The
output gives the MJD of the start of the exposure, the AB magni-
tude, the flux, and the reduced y? of the point spread function fit,
among other parameters. Photometry is obtained in the ¢ (wave-
length range 4200-6500 A) and o (5600-8200 A) ATLAS pass-
bands. An example of an LC of a SN in our sample is shown in
Figure 1.

Once a SN was selected to be a part of the sample, spec-
tra were obtained with the ESO Faint Object Spectrograph and
Camera (EFOSC2; Buzzoni et al. 1984) mounted on the NTT
at La Silla Observatory. Our primary choice was to perform
the observations with grism #13, which covers a wavelength
range of 3685-9315 A and has a resolution of 21.2 A. Occa-
sionally, we used grisms #11 and #16, which cover ranges of
3380-7520 A and 601510320 A, with resolutions of 15.8 and
16.0A, respectively. We typically used a 1770 slit, but in bad

I https://fallingstar-data.com/forcedphot/
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seeing conditions a 1”75 slit was adopted. The integration times
varied between 1500 and 3600s. All spectra were reduced fol-
lowing standard procedures using the ePESSTO+2 pipeline. We
collected a total of 194 spectra. In some SNe the Type II clas-
sification was unclear (even if such a classification had been
initially reported) due to non-standard features in their spectra.
In these cases we re-classified the events using the Supernova
Identification code (SNID; Blondin & Tonry 2007). We reclassi-
fied eight SNe. Five were reclassified as Type IIb: SN 2019sox,
SN 2019tua, SN 2020utf, SN 2021fox, and SN 2022aczs; two
Type Ia: SN 2020skx and SN 2022yeg; and one Type IIn,
SN 2020ntl. We removed these SNe from our sample, but their
photometry and spectral sequences will be made available via
Zenodo®. Also, we note that the spectra of SN 2020uwl do not
show any typical P-Cygni feature, which led us to believe that
this is a peculiar event. We thus removed it from the sample, but
we show its photometric and spectral behaviour in Zenodo. We
identified four SNe which have an SN 1987A-like LC behaviour:
SN 2021aatd, SN 2021adcw, SN 2021adyl and SN 2022acrv.
Following the classification criterion adopted by Taddia et al.
(2016), we consider SNe with rise times longer than 40 days to
be SN 1987A-like events, whose main peak is primarily pow-
ered by radioactive decay. We note that some of these SNe have
two peaks in their LCs. In those cases we considered the second
peak as the main peak. While these 1987A-like SNe are clearly
different from ‘normal’ SNe II, we kept them in our sample to
highlight their properties, but removed them/treat them differ-
ently in some specific analysis/correlations presented below.

Among the remaining 68 SNe II, there were 14 where we
could not obtain any spectra. We kept these SNe as part of the
sample, and we included them in all the photometric calcula-
tions, but they were not included in the spectral measurements.
While we were unable to obtain any spectra with EFOSC2, each
of these SNe have a classification spectrum, so we are certain
they are Type IIs. Additionally, to ensure there were no bias in
the selection of objects, we checked if the magnitudes of the
14 SNe for which we did not get spectra were particularly sub-
luminous. We found that 13/14 SNe fall within the mean M«
(see Section 4.1) and only one SN is sub-luminous, so we con-
sider this not to be a bias. An example of a spectral sequence of
an SN of our sample is shown in Figure 2.

The 68 selected SNe are listed in Table A.1 (available online,
see Data availability section), along with their host galaxy infor-
mation, and discovery date. Additionally, in Table 1 the selection
steps are listed.

3. Light curve and spectral measurements

Using o- and c-band photometry for 68 SNe II, along with
optical-wavelength spectroscopy for a subset of 54 SNe within
that initial sample, this study aims to investigate the LC and
spectral properties of a statistically significant sample of SNe II
with early-time photometric data. These data are then used to
constrain the progenitor and explosion properties of SNe II, and
more importantly to assess the presence and effect of any signif-
icant CSM material surrounding the progenitor stars at the time
of first light.

Following the above goals, in the below subsections we
define our LC and spectral measurements to be used in char-
acterising this SN II sample. First, we present our first-light
epoch estimation method and then outline the adopted distances

2 https://github.com/svalenti/pessto
3 https://zenodo.org/
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Fig. 1. Example of an LC of an SN II from our sample. The weighted
average detection epoch and the last non-detection are marked as green
and blue stars, respectively. Dashed horizontal lines indicate the flux
levels of the last non-detection plus one sigma uncertainty (blue line)
and of the first detection minus one sigma uncertainty (green line). If the
difference between the two dashed lines is greater than zero, we consid-
ered the non-detection to be deep enough. The orange dashed line corre-
sponds to the Bazin fit performed on the o-band LC (see Section 3.4.2),
and the dashed vertical grey line shows the time of maximum light based
on the fit.

Table 1. Initial sample size and its reduction in each step of our analysis.

Photometric sample

Step Criteria Removed Objects left
1 Initial sample - 77
2 Re-classification 9 68
3 No deep non-detection 4 64
Spectroscopic sample
Step Criteria Removed Objects left
1 Initial sample - 54
2 Only photospheric spectra 9 45
3 Measurable HB 24 21

and Milky-Way line-of-sight extinction (host-galaxy extinction
is ignored, see our justification in Section 3.3). Then we define
our LC measurements: absolute peak magnitudes, rise times to
maximum light, and post-peak decline rates. Lastly, we define
our spectral measurements: expansion velocities and the ‘bluest
expansion velocity’ (highest velocity at which we can measure a
blue-shifted absorption) for Ha, HB, and Fe I1 15169.

3.1. First-light epoch estimations

Our initial sample was constructed by considering SNe II with
published non-detections on the Transient Name Server (TNS*)
occurring at most four days before the first detection. How-
ever, in some cases these published values (that are often auto-
matically sent to the TNS) are not particularly constraining for
the first-light epoch, for example when the ‘non-detection’ pro-
vides an upper limit that is actually brighter than the discov-
ery photometry. Therefore, we re-analysed our full sample to
robustly define the non-detection and first detection and thus the

4 https://www.wis-tns.org/
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SN 2022mm

F [erg s~lcm~2A-1]

3500 4500 5500 6500

Rest-wavelength [A]

7500 8500

Fig. 2. Example of the spectral sequence for SN 2022mm. The phase in
days from first light is indicated in red next to each spectrum.

estimated first-light epoch. We only used ATLAS forced pho-
tometry values for non-detections and detections to maintain
consistency and avoid any potential systematic effects from
information from other surveys that have different sensitivity and
cadence. This was the approach even when the discovery of a SN
was first reported by another survey. Since ATLAS obtains four
points per epoch bin, we calculated the weighted average of the
flux measurements in each bin corresponding to the detection
epoch (MJDy;s.) to obtain the detection flux. To determine the
last deep non-detection, we also calculated the weighted average
of the flux measurements per epoch prior to the reported detec-
tion epoch. For both detection and non-detection we inferred the
weighted standard deviation based on the individual measure-
ment uncertainties. We considered the flux prior to detection to
be deep enough for a non-detection if: (1) the forced photometry
value was consistent with zero flux within one sigma, and (2)
the error bars of the detection and non-detection did not overlap.
When these two conditions were met, we adopted these as the
last non-detection epoch (MJDy,on—qet) and first detection epoch.
An example of this method is shown in Figure 1.

For approximately 10% of the sample, we found that the
errors overlapped or that the flux at non-detection was not con-
sistent with zero. In those cases, we used the previous forced
photometry value before the original non-detection or the next
flux value after the detection, depending on the situation, and
iterated the process. As our sample was constructed to ensure
a deep non-detection fewer than four days before the detec-
tion, we verified that this condition was still met. For four SNe,
SN 2020uwl, SN 2021dbg, SN 2022cvu, and SN 2022fli, this
was not satisfied. To maintain consistency, we removed these
SNe from our sample. The first-light epochs for all the SNe
were then calculated as the midpoint between the SN discov-
ery date and the non-detection. The uncertainty associated with
this epoch was taken as (MJD gisc—MJIDyon—det)/2.
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3.2. Distance estimations

The distances for the SNe II are based on redshift when the reces-
sion velocity is larger than 2000 kms~'. To calculate the lumi-
nosity distances, we used the following approximation:

(1 + zZpetio) €

- EOX[ZCMB + l(QA - % + l)xzéMB], (1

2

where Zhelio 1s the heliocentric redshift of the host galaxy, and
zZcmB 18 the redshift referred to the CMB rest frame. The terms
Hy and Qy were set to Hy = 67.4 £ 0.5km s Mpc™! and Qy =
0.315+0.007, respectively (Planck Collaboration VI 2020). The
factor (1 + zhelio)/(1 + zcmp) accounts for the fact that the pho-
ton redshift is observed with respect to the heliocentric refer-
ence system. The heliocentric redshift was calculated from the
measurements of narrow emission lines originating from the host
HII regions within the SN spectrum, then the zcyp was obtained
from the NASA Extragalactic Database (NED?) velocity correc-
tion calculator. We estimated the redshift error (and propagated
this to our distance error) considering: (1) the standard deviation
of our measurements, and (2) the spectral resolution. A typical
Oz = 0.003 was obtained. If we could not extract the HII
regions either because the spectrum was noisy or because the
galaxy was faint, we used the host galaxy redshift from NED,
and the error reported there. If a host galaxy had recession veloc-
ities less than 2000 km s~!, then a redshift-independent distance
was taken from NED if available. This was the case for only
one SN in the sample, SN 2021yja. For those SNe for which we
could not resolve H Il regions and their host galaxies did not have
NED information, we used a redshift value obtained from spec-
tral matching with SNID, and employed the inferred distance.
In those cases we took the fit error that comes from SNID, with
typical values of o, = 0.003—0.01.

Following the above procedure, there were 20 SNe for which
we could estimate the redshift from HII regions, 37 SNe where
we got the redshift from NED, 12 SNe for which the redshift
was estimated by spectral matching, and 1 SN for which we used
a redshift-independent distance. The mean redshift value of the
sample is 0.023 and the median is 0.021.

3.3. Extinction

To correct for the line of sight extinction produced through
absorption by intervening dust in the Milky Way, we take the
E(B — V) from the Schlafly & Finkbeiner (2011) recalibration
of the Schlegel et al. (1998) infrared-based dust map, available
from NED, and together with an extinction law from Fitzpatrick
(1999), with Ry = 3.1 we obtain Ay. To convert Ay values to the
ATLAS bands we used the Python module ‘extinction’®.

We did not correct for the host-galaxy extinction, though
several methods exist in the literature to estimate host extinc-
tion. These include the NaID equivalent width (Turatto et al.
2003; Rodriguez et al. 2023), the diffuse interstellar band (DIB)
at 5780 A (Phillips et al. 2013), the (V — I) colour excess
at the end of the plateau (Olivares et al. 2010), the colour-
colour curve method (Rodriguez et al. 2014, 2019), and the
Balmer decrement (e.g. Dominguez et al. 2013). There are
major caveats, however, in all of these methods. In this sam-
ple, we have low-resolution optical spectra for a subset of
SNe, and the Nal absorption in low-resolution spectra has
been shown to be a bad proxy for measuring the extinction

> https://ned.ipac.caltech.edu/
® https://extinction.readthedocs.io/en/latest/
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(Poznanski et al. 2011; Phillips et al. 2013). Additionally, the
DIB relation requires moderate resolution and high signal-to-
noise ratio spectra (Phillips et al. 2013), but such observations
are lacking in our sample. From optical spectra one could mea-
sure the Balmer decrement but, it is unclear whether the SN
exploded behind, in front of, or within the H II region. Concern-
ing optical colours, our sample lacks extensive colour informa-
tion. Even if we had more data, these methods assume that all
SNe II share the same intrinsic colour at some epoch. However,
de Jaeger et al. (2018) argued against such a simplistic scenario
in an in-depth study of SN II colours. Furthermore, Faran et al.
(2014) analysed a sample of SNe II and concluded that no extinc-
tion correction method significantly improved the uniformity
of the sample. This finding was supported by Gutiérrez et al.
(2017b), who discovered that stronger correlations (between var-
ious SN observables) within a SN II sample were obtained before
applying any extinction corrections. Therefore, we decided to
not correct for host extinction since any such corrections are
likely to simply add noise to our results. However, we note that
this is a caveat in our work.

3.4. Photometric properties
3.4.1. ATLAS c¢- and o-band photometry

After obtaining all ATLAS forced photometry for our sample as
outlined in Section 2, we filtered the LCs by flux error, remov-
ing data with errors larger than 50 pJy to remove spurious data
points. Then, our analysis goal was to have robust rise-time esti-
mations. To achieve this, we required sufficiently well-sampled
LCs during the rise to maximum. Given the fast rise of SNe II,
we defined this criterion to be at least one photometric epoch
between first light and maximum. While the LCs in the o band
are typically well-sampled, those in the ¢ band often lack pho-
tometric points during the rise. We calculated the photometric
parameters (as outlined below) for the entire sample in the o
band, and for 21 events in the ¢ band, which were the only
SNe that had data during the rising phase. Since ATLAS o-band
LCs are rather noisy (photometric data points taken on the same
night have large dispersion), after filtering by error, we still had
substantial dispersion and a number of clear outliers. We thus
decided to perform sigma-clipping on the LCs. Given the intrin-
sic variability in the data around maximum, we did not sigma-
clip the values during the early, rapidly rising phase of the LC,
from the time of first light to maximum light, to prevent losing
useful data in the process; clipping was performed at epochs later
than 10 days after first light. We used this 10-day limit because it
is in agreement with the mean rise times found in previous works
(see for example Gonzdlez-Gaitan et al. 2015; Gall et al. 2015;
Pessi et al. 2019). We median sigma-clipped the values using a
40 limit and a rolling window of 20 points. This is the range
where the median distribution is calculated, which corresponds
approximately to five days. The c-band photometry displays less
dispersion than the o-band photometry, so we did not perform
sigma-clipping.

3.4.2. ATLAS SNe Il light curve measurements

We calculated the time of maximum light for our sample of
SNe II by fitting the Bazin function (Bazin et al. 2009) to the
LCs. This is a phenomenological function that has the form

e~ 1=10)/Tran
fn=A 1 + B, 2

+ e(=10)/Tise

where Tyise, Trails f0, A, and B are treated as free parameters. The
terms Ty and Tg are related to the rise and fall of the LC; A
and B are normalisation and scaling factors, respectively; and
1o is the inflection point for the function. The date of maximum
light (#;ax) can be calculated by taking the derivative of this func-
tion, as explained in Gonzdlez-Gaitan et al. (2015). The fits were
calculated using Markov chain Monte Carlo (MCMC) methods
with the Python emcee package (Foreman-Mackey et al. 2013).
This approach involves computing the posterior probability of the
parameters given the observations, based on assumed prior dis-
tributions. The prior distributions were constructed by first per-
forming a single fit for each SN using the python package SciPy
to obtain initial best-fit parameters. Distributions for each param-
eter were then centred on these initial values. We employed 100
walkers and 10000 steps per walker, together with a burn-in period
of 2000 steps. Next, the date of maximum light was computed
taking the derivative of the Bazin function. We obtained a fp,x
value for each MCMC realisation and then computed the mean
and standard deviation. The rise times (#ise, and s, ) are then cal-
culated as the difference between #,,,x and the time of first light.
The uncertainty in the rise time is the result of adding the uncer-
tainty in the first-light calculation and the uncertainties in the time
of maximum in quadrature. We note that some SNe show two
peaks in their LCs, they are: SN 2021tyw, SN 2021aatd (87A-
like), SN 2022acko, and SN 2022acrv (87A-like). In those cases,
we only fitted the first peak with the Bazin function.

Maximum-light absolute magnitudes (Mpmax, and Mpax,)
were calculated using the distances and extinctions defined in
Sections 3.2 and 3.3, respectively, and the apparent magnitudes
at fyax. The uncertainty in the absolute magnitude at maximum
is the result of adding in quadrature the uncertainty in the maxi-
mum flux calculation and the error in the distance.

For the decline rates, we adopted the definitions provided
in Anderson et al. (2014), where s; represents the decline rate
of the initial, steeper slope of the LC, and s, corresponds to
the decline rate of the second, shallower slope in the LC. It is
important to note that while Anderson et al. (2014) express these
values in magnitudes per 100 days, we calculate them as the
change in flux normalised to maximum per 100 days. We call
it Af/100days. We first normalised the LCs to their maximum
flux. Then, piecewise linear fits were applied to the photome-
try, testing both single- and two-slope models to assess whether
the LCs exhibit different evolutionary phases or follow a sin-
gle trend. The fitting range extended from the time of maximum
light to either the point where the LC becomes noise-dominated
(we visually inspect the LCs to determine when this happen) or
the end of the plateau phase, whichever occurred first. Then we
used the Bayesian information criteria (BIC) to determine which
fit was better. If the BIC favoured one slope, then we considered
s1 = $p, while if the BIC favoured two slopes, we considered two
different values for s; and s,. The uncertainties on the decline
rates were estimated from the fit error. The fits to the LCs are
shown in Appendix B. For those SNe with two peaks in their
LCs, again we only considered the first peak.

3.5. Spectral measurements

A focus of our work is to study how any possibly-present CSM
affecting the early photometric SN II properties could also affect
spectral properties observed at later times. In this work, we
define early spectra as those obtained at r < 25 days after first
light. This limit at 25 days is roughly when the recombination of
hydrogen becomes the principal physical mechanism responsi-
ble for the escape of the shock deposited energy (Bersten et al.

A29, page 5 of 18



Ertini, K., et al.: A&A, 713, A29 (2026)

N1/ Cmy

He Il
He ll
civ
NIV

T
21gvm 0.8

23ng 15
bg 1.7
W{%w \WM

19ssi 2.7

Wv%

2lagbn2.7

/

==

/
TERt|

/

22mm 2.7

M
23azx 2.7
%Mv%
‘“‘\z:b':f\z’%""‘w—«
%
%

20abyj 3.8

Log (F,) + constant

2laek 3.8

22Afg 43

20acbm#.8

"
[ ]}

S NN

20bij 4.7

;

Dot WM dad “W

22xkp 5.5

2lcgu 5.7

/

/7
]/

4000 5000 6000

Rest wavelength[4]

Fig. 3. Spectra of the sample taken within 6 days after first light. Marked
with vertical dashed lines are the main emission lines in the early
phase. Lines in grey mark typical flash emission features that we do
not observe in our spectra. Non-flash SNe are marked with black, flash
SNe with blue, and ledgers with green (see Section 3.6). This colour
scheme is used for the rest of the paper.

2011; Pumo & Zampieri 2011; Pumo & Cosentino 2025). We
then refer to spectra taken at more than 25 days past first-light
as photospheric spectra. There are 40 SNe in the sample with
early spectra, 18 of which show a featureless continuum, while
22 have measurable spectral features (described in Section 3.6).
Within the early spectra, there is a subset taken fewer than 6 days
after first light. This subset is particularly interesting because
it is in the range where the flash features are often produced
(Bruch et al. 2021; Jacobson-Galan et al. 2024). We show this
subset in Figure 3, and we analyse it in Section 3.6.

In our sample, we also have 45 SNe with photospheric spec-
tra. Since we are interested in comparing photospheric properties
with spectral measurements, especially of the Balmer features,
we create a sub-sample of SNe to achieve this purpose. We col-
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lected all SNe that have photospheric spectra, with the require-
ment that they also have a measurable HS profile. We define
‘measurable’ when the HB absorption is strong enough to be able
to fit a low order polynomial to the minimum. Twenty one SNe II
fulfil this criterion. For these SNe, we measured the velocities of
He, HB, and Fe I1 151609 by fitting a low order polynomial to the
minimum of the absorption profiles. The absorption minimum
is often considered a reliable indicator of the bulk velocity of
the material producing that line, we thus refer to this velocity as
the ‘bulk velocity’ for the rest of the paper. An example of the
minimum fit can be seen in Figure 4.

We relate the fastest material of the ejecta with the bluest
wavelength of an absorption feature. We are interested in this
information because if significant CSM material exists in SNe I,
then it will dampen this fastest material as the kinetic energy is
converted into luminosity. Our method to measure this bluest
wavelength was to define a pseudo-continuum level blueward
of the absorption feature and then estimate the bluest extent of
the absorption with respect to this defined continuum. Therefore,
to define the bluest wavelength, we first measure the absorption
depth as the difference between the continuum and the minimum
flux, and then identify the wavelength at which the flux reaches a
level equal to the continuum minus 15% of this depth. The 15%
level was decided as a compromise between attempting to mea-
sure as close to the continuum level as possible and avoiding the
typical noise fluctuation of our spectra. For He measurements,
we defined the level of the continuum by fitting a straight line
in the range of 6000-6200 A. HB has other features to the blue
and there is no smooth pseudo-continuum. Therefore, we took
the emission to the left of the absorption, fitted a low order poly-
nomial to that feature and took its maximum value as the level
of the continuum. An example of these techniques is shown in
Figure 4. Most of the uncertainty in the velocities was estimated
by considering the standard deviation of repeated measurements
when slightly changing the bluest and reddest wavelengths for
the measurements.

Across our sample, we observe significant diversity in the
Hea profiles, both in the shape and the strength of the emis-
sion and absorption components. Gutiérrez et al. (2014) quanti-
fied this diversity by measuring the ratio of the equivalent widths
of the absorption to emission (a/e) components of Ha. Follow-
ing their approach, we calculated this ratio by determining the
equivalent widths of each component individually.

3.6. Classification of SNe Il with high ionisation lines

As described in Section 3.5, we obtained spectra for 18 SNe
within the first 6 days post-first light (see Figure 3) and for five
other SNe between six and ten days post-first light. Examining
these early spectra, we observed that while some SNe appear
featureless, others display narrow Hell 14686 with electron-
scattering broadened wings emission lines. This feature has been
used in the literature to classify SNe II with ‘flash ionisation’ fea-
tures (Khazov et al. 2016; Jacobson-Galan et al. 2024), assumed
to be caused by breakout photons ionising the CSM. One of the
primary goals of this work is to determine the frequency of CSM
interaction and its impact on LCs and spectra at late times, mak-
ing the identification of SNe with early interaction crucial. To
achieve this, we classified SNe as either showing high-ionisation
features (‘flash SNe’) or lacking them (‘non-flash SNe’). With
this purpose, we searched the Weizmann Interactive Supernova
Data Repository (WISeREP) for public spectra of SNe II, to

7 https://www.wiserep.org/
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Fig. 4. Example of the fits and measurements of the minimum and the
bluest wavelength for Ha (top) and HB (bottom). Marked in blue dashed
lines are the fits to the pseudo-continuum to the blue side of Ha (top)
and on the feature next to HB (bottom). The fits to the absorption mini-
mum are marked in red for both panels, while the green line represents
the value of the flux for which we consider the bluest wavelength of the
feature.

augment our sample with the earliest spectra available. This
search yielded 28 SNe with publicly available spectra.

Our sample includes 51 SNe with early spectra, combining
our observations and public data. Of these, 42 SNe have spectra
from O to 6 days after first light, while nine other have spectra
from 6 to 10 days after first light. We classified them as flash or
non-flash SNe by looking the profile of He Il 14686. Although
this line is present in all SNe II spectra, when it is Doppler-
broadened and blue-shifted it forms in fast moving material, but
when it is narrow with electron-scattering broadened wings it
forms in unshocked CSM. Only in the latter case this line is an
unambiguous signature of interaction. Thus to classify the SNe
as flash, we look for narrow He II 14686 with electron-scattering
broadened wings in its early spectra. To optimise objectivity,
the authors KE, GF, and JA did this blindly, and discussed the
results. The authors independently identified 18 SNe with high-
ionisation emission lines, including N III and He II. Addition-
ally, we identified eight SNe displaying a broad emission feature
around 4500—4800 A with an irregular profile, referred to in the
literature as a ‘ledge’ feature, which has also been claimed to be
associated with interaction (Bullivant et al. 2018; Andrews et al.
2019; Soumagnac et al. 2020). These SNe were classified as
ledge cases. The remaining 25 SNe showed no flash features and
were categorised as non-flash. In total, our sample consists of
18 flash SNe, eight ledge SNe, and 25 non-flash SNe. The clas-
sification for each SN as well as the references for the public
spectra are listed in Table A.2 (available online, see Data avail-
ability section). Additionally, an example of flash, non-flash, and
ledge SNe is shown in Figure 5.

The origin of the ledge feature remains ambiguous, as we
discuss in Sections 4 and 5. Given the ongoing debate about
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Fig. 5. Example of a flash (blue), non-flash (black), and ledge (green)
SN. Vertical lines mark the main emission lines during the early phase.

whether this feature indicates interaction, we consider the SNe
classified as ledgers both as SNe with signs of interaction and
non-interaction in different analyses throughout the paper, to
then compare our results under each assumption.

We identified two primary sources of uncertainty in our
classifications: (1) classifying SNe using spectra obtained after
6 days post-first light to search for flash features may not be
reliable and (2) the fact that some spectra (approximately four)
have low signal-to-noise value, which could hinder our ability to
determine if there is possible excess emission. To address these
issues, we defined one sub-sample consisting of 38 SNe classi-
fied as flash or non-flash SNe with high signal-to-noise (above 15
according to Bruch et al. 2021) spectra taken within O to 6 days
post-first light, and another sub-sample including the remaining
13 SNe classified with spectra taken from 6 to 10 days post-first
light and low signal-to-noise.

4. Results
4.1. Light curve property distributions

The distributions of rise times, absolute magnitudes and decline
rates for both ATLAS bands are shown in Figure 6, while
their values are listed in Table C.1 (available online, see Data
availability section). SN 1987A-like events are not included in
this figure (nor subsequent ones), nor in presented distributions
means, medians, etc.

The mean rise time of the sample in the o band is 11.8 days
(o = 7.1days, 64 SNe), while the median is 9.1 days. In the ¢
band, the mean rise time is 10.7 (o0 = 7.7 days, 21 SNe) and the
median 7.7 days. We note that our rise times distributions are non
Gaussian. Still we give the average (and dispersion) as a way to
compare among subsamples. The two longest rise times corre-
spond to SN 2020vef and SN 2022iek, with values in the o band
of 38.8 and 31.8 days, respectively; while the shortest rise times
correspond to SN 2021sqg and SN 2020abyj with o band val-
ues of 1.9 and 2.2 days, respectively. The four 87A-like events,
SN 2021aatd, SN 2021adcw, SN 2021adyl, and SN 2022acrv
have rise times of 86.3, 52.9, 56.2, and 24.8 days, respectively.
Note that SN 2021aatd and SN 2022acrv present additional early
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bution, respectively. This figure does not contain the §7A-like events.
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peaks in the LC, with initial rise times of 12.8 and 3.2 days,
respectively.

Although there is no calculation of rise times in the litera-
ture for the ATLAS bands, in Table A.3 (available online, see
Data availability section) we compare our results with those of
previous works that employed different bands. The o filter is
roughly equivalent to r + i filters, so it is suitable to compare
our results with those previously calculated in the R/r bands.
Our results are in agreement with those of Gonzalez-Gaitén et al.
(2015) for wavelengths >7000 A, but are somewhat higher than
those calculated by Gall et al. (2015) and Rubin et al. (2016)
and smaller than that calculated by Pessi et al. (2019). Although
the dispersion in the literature values is high, our results are
in agreement overall. The differences could be due to the fact
that we are using a very broad filter. Note that, similar to
Gonzdlez-Gaitan et al. (2015), we identify a subset of the sam-
ple with long rise times (i.e. longer than 15 d). We discuss this
issue in detail in Section 5.1.

Focusing on the absolute magnitude distributions, the mean
is —17.7mag (o0 = 09mag, 64 SNe) and the median is
—17.7mag in the o band; in the ¢ band the mean is —18.0 mag
(c = 09mag, 21 SNe) and the median is —18.0mag. In
Table A.3 (available online, see Data availability section) we
compare our absolute peak magnitudes with those previously
presented in the literature. There is no study to date that made
these estimations for the ATLAS bands, so a direct comparison
is not possible. However, the absolute magnitudes at maximum
light we inferred are consistent within the dispersion, although
slightly brighter than previous values available in the literature.
The most luminous events in our sample are SN 2020znl and
SN 2022yjl, while the dimmest are SN 2022xkp, SN 2022acko,
and SN 2022acug. The bright events should be taken with cau-
tion because their distances may be not reliable. SN 2020znl
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exploded in the galaxy PS1-88920933245169840, which has no
reported distance estimation. We also could not extract the HII
region from its spectra (to enable an accurate redshift estimate),
so we estimated its redshift by spectral matching with SNID,
as stated in Section 3.2. Although its distance is not reliable,
SN 2020znl does present a spectrum typical of luminous SNe II,
with lack of Ha absorption (Pessi et al. 2023). SN 2022yjl is
an even more difficult case since it does not have an identified
galaxy, and we could not get any spectrum to extract the HII
region. We used the photo redshift value from its classification
report (Li et al. 2022). We lack a photospheric spectrum of SN
2022yjl to search for further evidence of high luminosity.

The mean s; is 1.2 Af/100days (oo = 0.9 Af/100days, 64
SNe) in the o band and 1.3 Af/100days (oo = 0.6 Af/100 days,
21 SNe) in the ¢ band. For s,, the mean is 0.7 Af/100days
for both the o band (o0 = 0.6 Af/100days, 64 SNe) and the ¢
band (o = 0.7 Af/100 days, 21 SNe). There are some objects in
our sample that have large decline rates. These are SN 2020znl,
SN 2023cr, SN 2023dr, and SN 2023azx. It is worth noting all
these SNe are either flash or ledgers. We discuss this further in
Section 4.3. We do not compare our decline rates with previous
studies because, to maintain consistency throughout the paper,
we express them in A flux per 100 days rather than magnitudes,
preventing direct comparisons.

Two of the four SNe that show double-peaked LCs are
1987A-like events, so they were not included in the distributions,
while the other two SNe were included. Although these last two
may have a different behaviour compared to the rest of the sam-
ple, we leave them in the distributions since they are confirmed
type II SNe. However, we note that all their parameters are cal-
culated with respect to their first peak.

4.2. Spectral distributions

We focus our study of SN II spectral features by investigating
the properties of He, HB, and Fe Il 15169. As an example, we
show the He bulk and bluest velocity evolutions in Figure 7.

Ha shows a wide range of bulk velocities: from 5000 to
11000 km s~! during early phases and from 6000 to 9500 km s™!
for most SNe in the photospheric phase. This is similar to what
was obtained by Gutiérrez et al. (2017b), with Ha expansion
velocities ranging from 9500 to 1500 kms™! at 50 days. For both
Ha and HB the lowest values of bulk velocities are those of
SN 2020aze and SN 2020vef. For HB also SN 2022acmt is in
the range of low values, but it is not present in the Ha plot
since it does not present an absorption component of Ha. We
could not measure the Fe Il 15169 velocity for SN 2020aze and
SN 2020vef since the feature was very weak.

When looking at the bluest velocities, SN 2020aze and
SN 2022acmt appear well within the rest of the distribution,
while SN 2020vef remains with an extreme value. Other prop-
erties of these three SNe are: SN 2020aze shows the ‘Cachito’
component in He, also it is a part of the SNe with long rise times.
SN 2020vef has a very weak Ha absorption, and it also has a
long rise time.

4.3. Correlations

In this section and throughout the remainder of the paper, we
restrict our analysis to the o band, for which the LCs are well
sampled for all 64 events. Correlations between photometric
parameters in the o band, distinguishing flash SNe, non-flash
SNe, and ledgers, are presented in Figure 8, as well as the cumu-
lative distribution functions of the parameters. Table 2 provides
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the mean values for all photometric parameters for flash and non-
flash SNe, with ledgers considered as part of each group sepa-
rately. The table includes results for both the clean and unclean
samples. Additionally, Table 3 shows the results of Anderson-
Darling (A-D) tests for different groups across all parameters.
This statistical test is used to test if a given sample of data is
drawn from the same probability distribution. It is a modifica-
tion of the Kolmogorov-Smirnov test that gives more weight to
differences in the tails of the distributions. In this work, we use
the package scipy.stats.anderson_ksamp, which returns a
normalised test statistic and an associated significance level®.

Flash and non-flash SNe exhibit significantly different mean
s1 decline rates, as illustrated in the upper panel of Figure 8.
The ledger SNe appear to be spread across both groups. As seen
in Table 3, an A-D test reveals a statistically significant differ-
ence in s; between the flash and non flash SNe. When including
SNe classified as flash or non-flash based on spectra obtained
6—10 days after first light and low S/N ratios, the p-value remains
statistically significant. These results suggest that SNe exhibit-
ing high-ionisation lines in their early spectra decline faster than
those without signs of interaction. If the ledger SNe are con-
sidered as part of the flash SNe, the difference between the two
populations becomes less pronounced but remains significant.
However, it stays almost the same when treating ledgers as non-
flash SNe. This suggests that ledgers present a distribution of s,
decline rates that is more similar to non-flash SNe than to flash
SNe. On the other hand, we do not find different mean s, decline
rates between flash and non-flash SNe.

Flash SNe are also systematically brighter than non-flash
SNe in terms of M,x. For the SNe II sample with spectra within
6 days of first light, a A-D test returns a p-value of 0.001, demon-
strating a significant difference. This trend persists when extend-
ing the analysis to include the SNe II with spectra within 10 days
of first light. The difference also remains when ledger SNe are
added, except in the case where they are considered as flash SNe
in the 10-day sample, which weakens the distinction.

In contrast to decline rates and M., no significant differ-
ence is found in t;, between flash and non-flash SNe. A-D tests
for both the 6-day and 10-day samples consistently yielded p-

8 We note that negative values of the A-D test statistic can occur due
to the Scipy normalisation.

Table 2. Mean values of the photometric parameters for the sub-samples
of flash and non-flash SNe in the o band.

SN II sample with spectra within 6 days of first light

Classification M max tiise S 52 N
Only flash SNe -182+0.5 10.0+50 1.8+0.8 0.7+04 16
Only non-flash SNe  -17.3+0.6 11.1+42 0.7+03 05+0.3 14
Flash U ledgers -17.8+0.8 10.7+6.0 1.5+1.0 0.6+04 23

Non — flash U ledgers —17.2+0.7 11.4+56 0.7+0.6 04+0.3 21
SN II sample with spectra within 10 days of first light

Only flash SNe -182+04 120+75 1.7+08 0.7+04 18

Only non-flash SNe  -17.4+0.7 12.6+7.4 0.8+0.6 0.8+0.8 21

Flash U ledgers -17.6+08 11.9+74 15+1.0 0.6+04 26

Non — flash U ledgers —17.3+0.8 123+7.3 0.8+0.7 0.6+0.7 29

Notes. SNe classified as ledgers are included in both distributions sep-
arately. N is the number of SNe in each case.

values greater than 0.2, suggesting no evidence of distinct popu-
lations based on this parameter.

We performed a Pearson test for fs versus sy, fs. Versus
M nax, and M.« versus sq, and we found correlation coefficients
of —0.22, —0.14, and —0.56, respectively. Among these, the only
strong correlation identified was between My, and s;. No sig-
nificant correlation was found between f;se versus Mpax OF fise
against the s; decline rate (see Section 5.1).

Figure 9 shows the evolution of the a/e ratio. SNe with the
smallest a/e ratios correspond to those displaying high-ionisation
lines in their early-time spectra due to CSM interaction. Once
again, the ledgers SNe appear to be grouped with the non-flash
population.

We studied the Ha, HB, and Fell 15169 bulk and bluest
velocities against absolute magnitude, decline rates, and rise
times, respectively. In some SNe, the HS feature was present and
measurable, whereas Ha was either absent or had an unmeasur-
able bluest wavelength. We calculated the Pearson correlation
coeflicients for the velocities against all the photometric param-
eters and found moderate correlations for the known relation of
bulk velocity of Ha,, HB, and Fe I1 45169 versus absolute magni-
tude. Among these, Fe I 45169 exhibited the strongest and clear-
est correlation. No correlations were observed with the other
photometric parameters.

5. Discussion
5.1. The rise times of SNe Il

For an isolated star with no interaction with the CSM, stan-
dard stellar evolution theory predicts that the rise to maximum
light is primarily influenced by the radius of the progenitor
star (Swartz et al. 1991; Gall et al. 2015). Larger progenitor radii
result in SNe with longer rise times. Metallicity, indirectly, also
plays a role, as it affects the pre-SN structure of the progeni-
tor star (Chieffi et al. 2003; Tominaga et al. 2011). Specifically,
lower metallicity leads to smaller radii, thereby impacting the
rise times. However, Gonzdlez-Gaitan et al. (2015) found typical
rise times of fewer than 10 days. When compared with analytical
models, they found progenitor radii that were, on average, sig-
nificantly smaller than those measured for observed RSG, sug-
gesting that the rise times are too short to be explained by an
isolated star with no CSM. Supporting this finding, Forster et al.
(2018) reported a steep rise lasting just a few days in their sam-
ple of SNe II. By comparing these observations to models, they
inferred high CSM densities for most events and concluded that
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-15.5 o 7 T .00 T T on low signal-to-noise spectra, while open sym-
51 [Af/ 100 days] Mpox [mag] bols correspond to SNe classified with spectra

Table 3. Results of the A-D tests for different groups.

taken between 6 and 10 days after first light.

SN II sample with spectra within 6 days of first light

Classification M ax tiise S K
Flash vs Non-flash SNe 7.601/0.001 -0.178/0.250  8.846/0.001 0.863/0.145
Flash U ledgers vs Non-flash SNe 2.855/0.02 —-0.480/0.250  3.703/0.001 -0.416/0.25
Flash SNe vs Non — flash U ledgers  9.843/0.001  0.086/0.250  10.084/0.001  2.859/0.022
SN II sample with spectra within 10 days of first light

Flash SNe vs Non-flash SNe 8.786/0.001 —-0.374/0.250  8.227/0.001 0.148/0.250
Flash U ledgers vs Non-flash SNe 1.554/0.074 —0.577/0.250  3.708/0.01 —0.190/0.250
Flash SNe vs Non — flash U ledgers  8.035/0.001 -0.341/0.250  8.262/0.001 1.305/0.094

Notes. For each parameter and each group the A statistic is listed, along with the p-value. Highlighted in bold are those p-values < 0.05.

this likely reflects the systematic detection of shock breakouts
within a dense CSM.

The relatively short rise times motivated modelling efforts
of SNe II with CSM interaction. Morozova et al. (2017) first
modelled three well-studied Type II events, finding that these
were well-reproduced by RSG surrounded by dense CSM. The
extent of the CSM and the wind velocity suggested that these
stars likely experienced enhanced mass-loss activity during
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the last months to years of their lives. Then, Moriya et al.
(2023) demonstrated that the rise times of SNe II are pre-
dominantly influenced by the properties of the CSM, such as
its radius, mass, and mass-loss rate, as well as the explosion
energy. According to Moriya et al. (2018), when the mass loss
rate is sufficiently high (M > 1073 My yr™'), the rise times
are primarily governed by the mass-loss rates. Interestingly,
the rise times initially decrease as M increases, but beyond a
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certain threshold, they begin to lengthen with further increases
in M.

Our results are broadly consistent with these previous stud-
ies, since most SNe II in our sample exhibit short rise times.
While the mean rise time in the o band for our sample is
11.7 days, we note that the rise time distribution is non-gaussian.
There is a fraction of SNe — without taking into account 87A-
like events — with longer rise times (longer than 15 days®). These
are 16 SNe, representing ~24% of the sample. Figure 8 shows
that SNe with long rise times seem to have slow declines and
also tend to be brighter. Regarding their velocities, it has been
proposed that SNe II with long rise times and high He veloci-
ties may be a link between type IIs and IIbs (Davis et al. 2021).
Although we do not have spectra for all the SNe with long rise
times, those SNe that have show Ha velocities consistent with
other normal type II SN samples (Gutiérrez et al. 2017a).

Previously, Gonzdlez-Gaitén et al. (2015) identified a frac-
tion of SNe in their sample with long rise times. Although
classified as Type IIs based on photometry, these events lacked
spectroscopic confirmation. Those authors suggested that these
SNe might originate from a different progenitor system and
argued that this provides strong evidence that typical SNe II are
limited to short rise times, while other possible hydrogen-rich
SNe may exhibit longer rise times. In contrast, all SNe with long
rise times in our sample are spectroscopically confirmed as nor-
mal Type II.

When taking into account the early classification as flash or
non flash SNe, we find that 4 of the SNe with long rise times
are flash SNe, 8 are non-flash SNe, 1 is a ledger and for three of
them, we do not have early spectra to classify. Although mod-
elling the progenitor properties of these SNe is beyond the scope
of this paper, we can speculate on possible scenarios. For SNe
with long rise times and no signs of CSM interaction, it is plausi-
ble that they originate from standard RSGs without surrounding
CSM, consistent with predictions from standard stellar evolution
theory. On the other hand, for SNe displaying early spectral evi-
dence of interaction, the findings of Moriya et al. (2018) may
provide a natural explanation in which sufficiently high, but not
extreme, mass-loss rates can lead to extended rise times without
producing SNe powered by interaction, as seen in SNe IIn.

Overall, our rise time distributions show that SNe with early
spectral signatures of CSM interaction are not confined to either
the short or long ends of the rise times range but are rather spread
across the distribution. This could be due, as commented before,
to the multiple factors that affect the rise times.

5.2. Links between early-time and late time SN Il properties

We find that flash SNe exhibit faster decline rates in s; and are
brighter than those without signs of interaction. This result con-
trasts with previous studies, such as that of Bruch et al. (2023),
who reported no significant differences in brightness, colour, or
rise times between SNe II with and without flash ionisation fea-
tures. In addition, Bruch et al. (2023) found no differences in
magnitudes, redshift, or the epoch of the first spectrum between
flash and non-flash SNe, indicating that selection effects did not
influence their results. We examined these same properties in
our sample and likewise found no significant differences. The
discrepancy between the two studies may therefore arise from
differences in sample size (only 17 events in Bruch et al. 2023

° The choice of this value is arbitrary and it is based on the number
adopted by Gonzdlez-Gaitan et al. (2015) to separate SNe with short
and long rise times.

work), or in the treatment of SNe showing the ledge or Doppler-
broadened He II profiles, which they treat as flash SNe.

Despite this tension, recent studies report trends consistent
with our findings. For example, Jacobson-Galan et al. (2025)
found that flash SNe have significantly higher luminosities and
decline rates at +50 days than non-flash SNe, while Jiang et al.
(2025) reported higher post-peak decline rates for SNe with
larger CSM masses. Together, these results support our con-
clusion that CSM properties influence not only the early-time
spectra but also the overall LC evolution. More specifically, the
differences between flash and non-flash SNe II with respect to
decline rates appear to be confined to the early s; decline — i.e.
that from peak to the start of the plateau. This suggests that the
presence and diversity of this initial decline rate may be dom-
inated by the extent and profile of CSM above the progenitor
density profile.

An interesting finding of this work is the evolution of the a/e
ratio, as shown in Figure 9. Our analysis reveals a distinct divi-
sion: SNe that exhibit high-ionisation lines in their early spec-
tra tend to have smaller a/e ratios compared to those without
such features. This ratio, which accounts for the diversity in the
Hea absorption profile, has been previously studied by several
authors. To explain the absence or weakening of the absorption
component, Schlegel (1996) proposed three plausible scenarios.
First, the absorption component could be filled in by additional
emission produced via scattering, potentially originating from
CSM or a highly extended SN envelope. Second, it could be
a low mass envelope which would have less matter to absorb,
and no P-Cygni profile will be formed. Lastly, a steep density
gradient in the hydrogen envelope could reduce the amount of
absorbing material at high velocities, leading to the suppres-
sion of P-Cygni absorption. Additionally, Gutiérrez et al. (2014)
analysed the a/e ratio in a large sample of SNe II and concluded
that variations in the Ha P-Cygni profile are most likely asso-
ciated with changes in the envelope properties (such as its mass
and density profile) and the degree of CSM interaction. Further-
more, Gutiérrez et al. (2014) found that SNe with smaller a/e
have more rapidly declining LCs and are brighter at maximum
light. Consistent with these findings, our results show that SNe
with signs of interaction in the early spectra tend to be brighter,
have rapidly declining LCs, and have the lowest a/e ratios, indi-
cating a lack or depletion of Ha absorption. These observational
properties of our subsample with early narrow lines are con-
sistent with a scenario in which standard RSG progenitors are
surrounded by confined, dense CSM. In this picture, the early
narrow, high-ionisation lines arise from the ionisation of CSM
following SBO, while the enhanced luminosities are produced
by ejecta—CSM interaction. Interaction with nearby dense CSM
can also contribute additional He emission, partially filling in the
P-Cygni absorption component and naturally leading to smaller
a/e ratios in early interacting events (Dessart et al. 2026).

One matter of debate in this work is the association of ledge
SNe with the other groups, not only in the a/e ratio evolu-
tion but also within the distribution of parameters. They appear
to group with the non-flash population. Ledge features have
been observed in early spectra several times in the literature
(e.g. Quimby et al. 2007; Shivvers et al. 2015; Bullivant et al.
2018), either alone or blended with a narrow component of
high-ionisation lines. However, its origin remains a subject
of debate. One explanation is that the ledge arises from a
very broad, blueshifted He I1 14686 line, formed from the SN
ejecta beneath a CSM shell (Bullivant et al. 2018; Andrews et al.
2019), although when this solution was proposed, there was
a narrow component of this line present. This interpretation,
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Fig. 9. Evolution of the a/e ratio. Non-flash SNe are marked in black,
flash SNe in blue, and ledgers in green.

however, is hard to reconcile with the irregular profile of the
feature. Alternatively, the ledge might result from a blend of
several high-ionisation lines of C, N, and O originating in the
CSM (Soumagnac et al. 2020; Bruch et al. 2021). However, this
hypothesis is complicated by the feature’s width, as these high-
ionisation lines would need to be significantly broader or more
numerous to explain the observed profile. Hosseinzadeh et al.
(2022) offered another possibility, suggesting that the explosion
of an RSG with an extended envelope into a low-density CSM
could produce the ledge-shaped feature without generating the
high-ionisation lines typically associated with flash ionisation.
The closer association of ledger SNe with the non-flash group
would suggest that the origin of the ledge feature may be differ-
ent from that of the flash features.

6. Conclusions

In this work we have presented a sample of 68 SNe II with early-
time photometric observations from the ATLAS survey and com-
plementary spectroscopy from the ePESSTO+ collaboration. By
combining well-constrained LCs with early and photospheric
spectra, we investigated the impact of CSM interaction on the
photometric and spectroscopic evolution of SNe II.

We identified early-time high-ionisation, electron-scattered
broadened spectral features — a sign of CSM interaction — in 18
SNe (flash SNe), and we contrasted their properties with those of
25 non-flash SNe. An additional subset of eight SNe displayed
the ambiguous ‘ledge’ feature, and we evaluated their proper-
ties under both the flash and non-flash assumptions to test their
association. Our main findings are as follows:

— Flash SNe exhibit significantly faster s; decline rates and
higher peak luminosities compared to non-flash SNe. This
suggests that early interaction with the CSM not only affects
spectral features but also alters the energy release observed
in the LCs. However, no significant difference in rise time
was found between flash and non-flash SNe, maybe suggest-
ing that rise times alone are not a reliable diagnostic for early
interaction.

— A clear distinction in the Ha a/e ratio was observed between
the two groups. Flash SNe consistently show lower a/e values
at all epochs, which may reflect suppression of absorption
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due to enhanced CSM interaction or altered density struc-
tures in the outer ejecta.

— The SNe displaying the ledge feature tend to align more
closely with the non-flash population in terms of decline
rates, peak brightness, and a/e ratios. While the origin of
this feature remains uncertain, our results suggest that these
events may represent a lower level or different manifestation
of interaction distinct from that seen in flash SNe.

— A subset of SNe II in our sample, without considering the
87A-like events, exhibits long rise times (>15 days). These
include both flash and non-flash SNe, suggesting multiple
physical origins. Some may arise from extended progenitor
envelopes or dense CSM capable of delaying shock break-
out, while others may reflect standard RSG explosions with
minimal surrounding material.

This work shows the value of combining early-time photometric
and spectroscopic observations to characterise the diversity of
SNe II and the frequency and impact of early CSM interaction.
Future high-cadence surveys with rapid spectroscopic follow-up
will be key to improving our understanding of the final stages
of massive star evolution and the role of CSM in shaping SN
observables.

Data availability

Tables A.1, A.2, A.3, and C.1 are available at the CDS via
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
713/A29. All spectra are available via WISeREP, under each
SN name.
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Appendix A: Properties of the sample
All tables including the properties of the sample, the spectral information, and comparison with other works are available online

(see Data availability section).

Appendix B: SNe light curves with their fits
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Fig. B.1. Light curves of the SNe II from the sample in the o band shown in orange. Marked with dashed blue lines are the fits to the LCs. The
time of maximum light is shown with vertical lines. The light blue bands mark the range where the fits to calculate the decline rates were made.
Marked with red lines are the fits to the LCs with one slope and with black are the fits with two slopes. In those cases where the two slopes regime

provided bad fits, only the fits with one slope are plotted.
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Fig. B.1. Continued.
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Fig. B.2. Light curves of the SNe II from the sample in the ¢ band shown in cyan. Marked with dashed blue lines are the fits to the LCs. The light
blue bands mark the range where the fits to calculate the decline rates were made. Marked with red lines are the fits to the LCs with one slope
and with black are the fits with two slopes. The time of maximum light is shown with vertical lines. In those cases where the two slopes regime

provided bad fits, only the fits with one slope are plotted.

Appendix C: SNe photometric properties
The table with the calculated photometric properties of the SN II sample is available online (see Data availability section).

A29, page 18 of 18



	Introduction
	Data sample
	Light curve and spectral measurements
	First-light epoch estimations
	Distance estimations
	Extinction
	Photometric properties
	ATLAS c- and o-band photometry
	ATLAS SNe II light curve measurements

	Spectral measurements
	Classification of SNe II with high ionisation lines

	Results
	Light curve property distributions
	Spectral distributions
	Correlations

	Discussion
	The rise times of SNe II
	Links between early-time and late time SN II properties

	Conclusions
	Data availability
	References
	Properties of the sample
	SNe light curves with their fits
	SNe photometric properties

