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ABSTRACT

Context. The analysis of core-collapse supernova (CCSN) environments can provide important information on the life cycle of massive stars and
constrain the progenitor properties of these powerful explosions. The MUSE instrument at the Very Large Telescope (VLT) enables detailed local
environment constraints of the progenitors of large samples of CCSNe. Using a homogeneous SN sample from the All-Sky Automated Survey
for Supernovae (ASAS-SN) survey, an untargeted and spectroscopically complete transient survey, has enabled us to perform a minimally biased
statistical analysis of CCSN environments.

Aims. We analyze 111 galaxies observed by MUSE that hosted 112 CCSNe — 78 II, nine IIn, seven IIb, four Ic, seven Ib, three Ibn, two Ic-BL,
one ambiguous Ibc, and one superluminous SN — detected or discovered by the ASAS-SN survey between 2014 and 2018. The majority of the
galaxies were observed by the All-weather MUse Supernova Integral field Nearby Galaxies (AMUSING) survey. Here we analyze the immediate
environment around the SN locations and compare the properties between the different CCSN types and their light curves.

Methods. We used stellar population synthesis and spectral fitting techniques to derive physical parameters for all HII regions detected within
each galaxy, including the star formation rate (SFR), He equivalent width (EW), oxygen abundance, and extinction.

Results. We found that stripped-envelope supernovae (SESNe) occur in environments with a higher median SFR, Hoe EW, and oxygen abundances
than SNe II and SNe IIn/Ibn. Most of the distributions have no statistically significant differences, except between oxygen abundance distributions
of SESNe and SNe II, and between Ho EW distributions of SESNe and SNe II. The distributions of SNe II and IIn are very similar, indicating
that these events explode in similar environments. For the SESNe, SNe Ic have higher median SFRs, He EWs, and oxygen abundances than SNe
Ib. SNe IIb have environments with similar SFRs and Hao EWs to SNe Ib, and similar oxygen abundances to SNe Ic. We also show that the
postmaximum decline rate, s, of SNe II correlates with the Ho EW, and that the luminosity and the Am,s parameter of SESNe correlate with the
oxygen abundance, Ho EW, and SFR at their environments. This suggests a connection between the explosion mechanisms of these events to their
environment properties.
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1. Introduction latter showing little or no helium. Some SNe Ic show broad lines
in their spectra, being labeled SNe Ic-BL (Mazzali et al. 2002),
. ) . and they are well-known for being associated with gamma-ray
associated with the deaths of massive (=8 M,,) stars (Bethe et al. bursts (GRBs, Woosley & Bloom 2006; Patat et al. 2001). SNe
1979; Woosley & Weaver 1986; Arn.ett etal. 1989). The study IIb are transitional events that are similar to SNe II at very early
of these events has a decp impact N many fields .Of astron- e but the hydrogen lines vanish during their later evolution
omy, as these explosions are responsible for dramatic changes  gp;yenkq et al. 1994). The lack of hydrogen in SNe IIb, Ib,
e galg Xy, triggering or endmg the formation and Ic reflects the loss of the progenitor star’s envelope dur-
of new stars (Matteucm &.Gregglo 1986.; Martlg & Bournaud ing the last stages before death, and hereafter are called together
2010). CCSNe display a variety of properties in their light curves stripped-envelope SNe (SESNe). For a review of spectroscopic
(LCs) and spectra that are directly connected to the evolution of classification of SNe, readers can refer to Filippenko (1997)
their progenitor stars aSHGd to explosion properties (for example, -, j ). yam (2017).’Some SNe occur inside a dense circum-
explosion ehergy and **Ni mass). Type Il SNe (I.lereaft.er SNe stellar medium (CSM), giving rise to narrow emission lines in
II) are characterized by broad hydrogen features in their spec- their spectra due to the interaction of the ejecta with the dense

tra, while SNe Ib and SNe Ic are devoid of hydrogen, with the CSM. If the medium is H-rich, these are called SNe IIn (Schlegel

* Full Tables 1, 2, D.1, D.2, and G.1 are only available at the CDS ~ 1990), while when the medium is He-rich, they are labeled SNe
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) Ibn (Pastorello et al. 2008). Recently, SNe Icn have been discov-
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/ ered, and lack both H and He, but with a C- and O-rich CSM
677/A28 (Gal-Yam et al. 2021; Perley et al. 2022).

Core-collapse supernovae (CCSNe) are luminous explosions
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SNe II are thought to arise from single red supergiants
(RSGs) with a mass range between ~8 and 20 M, (Smartt 2015).
Stellar models indicate that stars with zero-age main sequence
(ZAMS) masses larger than 8—9 M., develop an Fe core at the
end of their evolution. Since Fe nuclei have strong binding ener-
gies, the process of nuclear fusion can no longer occur in the
core of these stars, leading to gravitational collapse (See reviews
by Bethe 1990; Mezzacappa 2005; Burrows & Vartanyan 2021).
This scenario is supported by several direct observations of pro-
genitor stars. Maund & Smartt (2009) found a RSG to be the pro-
genitor of SN 2003gd and Maund et al. (2015) showed that the
progenitor of SN 2008cn was consistent with a RSG with a mass
of <16 M. Maund et al. (2014) analyzed five SN II progenitors
and found them to be consistent with RSGs with masses between
8.4 and 12.0 M. Van Dyk et al. (2012) found the progenitor of
SN 2008bk to be a RSG with ~8 M, and Fraser (2016) showed
that the disappeared progenitor of SN 2012aw was a RSG with
~12.5 M, (also see the review by Smartt 2015).

SESNe have only a few progenitors detected through direct
imaging. For SNe IIb, some of their observed progenitors are con-
sistent with yellow supergiant (YSG) or blue supergiant (BSG)
stars with masses between ~13 and 19 My (e.g., Maund et al.
2011; Van Dyk et al. 2014; Folatelli et al. 2015). Maund & Smartt
(2009) found a RSG to be the progenitor of SN 1993J and inter-
acting binary systems have also been proposed for some of the
observed progenitors of these events (e.g., Fox et al. 2014). The
type of stars that become SNe Ib and Ic is also not clear. The
mechanism needed to explain the shedding of the envelopes of
hydrogen and/or helium before the core-collapse can be due
to two distinct pathways: they might be lost through strong
winds within a Wolf-Rayet (WR) or similar star, or they might
lose mass through binary interactions (Yoon et al. 2010). While
the former scenario requires more massive progenitors — a 20
to 40 My star for SNe Ib, and a >40 M, star for SNe Ic, at
solar metallicity, following the rotating single-star model from
Georgy et al. (2009) — the latter could arise from relatively lower
mass progenitors, similar to normal SNe II. Only a few candidate
companion stars have been detected in preexplosion images of
SESNe. Kilpatrick et al. (2021) found the progenitor of the SN
Ib 2019yvr to be consistent with a single luminous star, although
the nature of the preexplosion counterpart of SN 2019yvr is still
under debate (see e.g., Sun et al. 2022), and recently Fox et al.
(2022) have shown the candidate companion of the SN Ibc
2013ge to be a main-sequence B supergiant star.

Given the lack of a significant sample of direct detections
of progenitor stars and binary companions of SESNe, indirect
methods such as the analysis of the environment around these
events can aid in constraining their properties (for a historical
review of SN environment studies, see Anderson et al. 2015).
Pixel statistics of Ha emission in SN host galaxies showed
that SNe Ic traced Ha emission, while SNe II and Ib do not
show a strong correlation with these regions (Anderson et al.
2012), implying that SNe Ic arise from more massive stars. By
analyzing the host galaxies of SESNe, Arcavi et al. (2010) and
Modjaz et al. (2011) found that SNe Ic happen in environments
with higher metallicities than SNe Ib and IIb. Anderson et al.
(2010), Leloudas et al. (2011), and Sanders et al. (2012), how-
ever, did not find any significant difference in the environment
metallicity between SNe Ic, Ib, and IIb (also see Cronin et al.
2021; Mayker Chen et al. 2023, for recent analyses).

SNe IIn are expected to arise from progenitor stars with a con-
siderably larger mass than the progenitors of normal SNe II, as the
observed amount of CSM observed in these events require extreme
episodes of mass-loss in the pre-SN stages (e.g., Smith 2014).
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A possible class of progenitor stars for SNe IIn are luminous
blue variables (LBVs); massive stars that are characterized by
very strong and episodic mass-loss. This scenario is consis-
tent with the progenitor detections of SNe IIn and the LBV-
like variability observed in some preexplosion observations
(Ryder et al. 1993; Gal-Yam & Leonard 2009; Mauerhan et al.
2013; Pastorello et al. 2013; Elias-Rosa et al. 2016). How-
ever, Andersonetal. (2012), Habergham etal. (2014), and
Ransome et al. (2022) showed that SNe IIn have very similar
degree of association to host galaxy He emission to SNe II,
and Taddia et al. (2013) demonstrated that they also happen in
environments with very similar metallicity to SNe II. By analyz-
ing the locations of LBV stars in the Large Magellanic Cloud
(LMC) and M33 galaxies, Kangas et al. (2017) found no corre-
lation between the spatial distribution of these massive stars and
SNe IIn, favoring less massive progenitors. In fact, a RSG star is
thought to be the progenitor of the SN IIn 1998S, indicating that
these stars could generate at least a fraction of these transients
(Mauerhan & Smith 2012; Taddia et al. 2015a). However, Smith
(2019) also argue that LBV stars are usually isolated and are not
found in the most star-forming regions of galaxies, clouding the
interpretation of SNe IIn environment studies. A similar scenario
of distinct progenitor stars is also possible for SNe Ibn. Although
massive H-poor WR stars were the first proposed progenitor for
this class of transients (Pastorello et al. 2007), recent environ-
ment studies found a connection to older stellar populations and
to a diversity of potential progenitors (Hosseinzadeh et al. 2019;
Ben-Ami et al. 2023).

Recently, many SN environment analyses have used the
capabilities of Integral Field Units (IFUs) to perform spatially
resolved spectroscopy over a large field-of-view, allowing for
the study of individual H1I regions within host galaxies and for
a more precise study of the host galaxy as a whole. Using the
CALIFA survey, Galbany et al. (2014) showed that there is no
significant difference in the metallicities of the environments of
SNe II, Ib, and Ic. In addition, the star formation rate (SFR) and
the Ha equivalent width (EW) also showed no significant dif-
ference between the CCSN types. The remarkable capabilities
of the Multi-unit Spectroscopic Explorer (MUSE, Bacon et al.
2014) instrument at the Very Large Telescope (VLT) in the
study of SN environments were demonstrated by Galbany et al.
(2016a). They analyzed six nearby galaxies that hosted 11 SNe,
and presented a new method for comparing HII region prop-
erties within SN host galaxies, which was made possible by
the high angular resolution of the instrument. A larger analysis
combining MUSE and VIMOS data (Le Fevre et al. 2003) was
made by Kuncarayakti et al. (2018), who analyzed 83 nearby SN
explosion sites. They found no significant difference between the
metallicity of the different CCSN environments, but showed that
SNe Ic are associated with the youngest stellar populations, fol-
lowed by SNe Ib, IIb, and II.

Most of the SN environment studies used SNe compiled
from various surveys, many of which were of a galaxy-targeted
nature, including pointed and panoramic surveys, as well as
amateur discoveries, with little or no control for biases and
systematics. Such surveys are biased toward SNe discovered in
bigger and therefore more metal rich galaxies, a factor that might
affect the final result. Heterogeneous samples might also have
classification and publication biases (see e.g., Perley et al. 2016,
for a discussion on the selection biases on their analysis). Sam-
ple selection has a large effect in the analysis of SN environ-
ments, as demonstrated by, for example, Sanders et al. (2012),
Galbany et al. (2016b, 2018). Sanders et al. (2012) showed that,
when combining different spectroscopic measurements from the
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literature, SNe Ib, Ic, and IIb appear to have very similar val-
ues of metallicity, but significant differences are seen if SNe
from untargeted samples are used. Galbany et al. (2018) used the
PISCO SN host compilation of 232 galaxies and found similar
results to Galbany et al. (2014), but also demonstrated that sig-
nificant differences in the environments of the different CCSN
types were found when applying an untargeted selection of host
galaxies (also see Taggart & Perley 2021; Schulze et al. 2021 for
discussions on integrated properties of SN host galaxies drawn
from homogeneous samples).

In our new sample, we use a homogeneous SN sample from
the All-Sky Automated Survey for Supernovae (ASAS-SN) sur-
vey, an untargeted and spectroscopically complete survey of
transients, which allows us to perform a minimally biased sta-
tistical analysis of their environments. The importance of untar-
geted surveys can already be seen in the ASAS-SN study of
SNe Ia rates as a function of host galaxy properties (Brown et al.
2019), which found no dependence of SN Ia occurrence to star
formation activity in the galaxies.

In the current work (Paper I), we analyze the local environ-
ment of 112 ASAS-SN CCSNe, exploring the physical proper-
ties of HII regions centered at the SN positions. We also look
for correlations between their environments and LC properties,
when photometry is available. In Paper II we will fully exploit
the IFU nature of our data, and compare the local environment of
each SN to all the HII regions in their host galaxies. We present
the sample selection and data reduction in Sect. 2. In Sect. 3, we
discuss the different analysis methods used to study the phys-
ical parameters of our sample, and in Sect. 4 we present our
results. A comparison of our results to previous studies and the
implications for our understanding of CCSN progenitors is given
in Sect. 5. Our conclusions and final remarks are presented in
Sect. 6.

2. Sample selection and data reduction

The All-weather MUse Supernova Integral field Nearby Galax-
ies (AMUSING) survey is a long-term “filler” programme
that uses MUSE in suboptimal atmospheric conditions to
obtain integral field observations of galaxies that hosted SNe
(Galbany et al. 2016a, and in prep.). With a spatial sampling
of 0.2 x 0.2 arcsec, a field of view of 1 arcmin? (in Wide Field
Mode), and a mean spectroscopic resolution of R ~ 3000 with
wide wavelength coverage (480—930 nm), MUSE is one of the
most advanced Integral Field Units (IFUs) in operation.

Each semester AMUSING has focused on a different specific
science case. In semesters P96 (2015 October 1 to 2016 March
31) and P103 (2019 April 1 to 2019 September 30), AMUS-
ING observed galaxies that hosted SNe discovered or recovered
by the ASAS-SN survey, with the aim of constraining differ-
ences in SN progenitor properties through studying their par-
ent stellar populations, together with investigating the rates of
SNe with respect to environmental properties. ASAS-SN started
operation in 2011 (with transient alerts beginning in 2013), with
the goal of monitoring the entire sky with rapid cadence in
search of nearby and bright transients (see e.g., Shappee et al.
2014; Kochanek et al. 2017, for technical details on the sur-
vey). Given the relatively shallow depth of the survey, the SNe
are all relatively bright, and spectral classifications are possi-
ble in nearly all cases. This makes the survey almost spectro-
scopically complete, in the sense that almost all the discovered
transients have an associated spectrum and classification: as of
2019, 97% of ASAS-SN discoveries were spectroscopic clas-
sified (Holoien et al. 2019). ASAS-SN is also an all-sky sur-

vey that does not target particular galaxies. As evidenced in
Holoien et al. (2019), one quarter of the SN host galaxies had
no previous spectroscopic redshift estimates, and some SN hosts
were not described in any existing galaxy catalog. This allows
the ASAS-SN survey to serve as an ideal tool for the study of
nearby SN populations, as it is not biased toward brighter and
more extended galaxies. In addition, ASAS-SN discovered more
SNe in the central parts of galaxies compared with previous
professional and amateur surveys, again lowering observational
biases (Holoien et al. 2017a,b,c, 2019; Neumann et al. 2023).
Between 2013 and 2018, ASAS-SN detected a total of
449 transients that were spectroscopically confirmed as CCSNe
(Holoien et al. 2017a,b,c, 2019; Neumann et al. 2023). The
events selected to be observed by AMUSING had a heliocen-
tric redshift of <0.02 and an observability constraint from the
Paranal observatory (Dec <25°). For the 2014 to 2017 events,
only SNe with an apparent magnitude at peak luminosity of
V < 17.0 mag were selected (following Holoien et al. 2017a,b,c,
2019), while for the 2018 events a cut on V < 18.0 mag was
applied (following Neumann et al. 2023). For the period P96,
AMUSING proposed observations of 13 SNe II, four SNe Iln,
and one SN Ibn. From those, eight SNe were observed (six I,
one Ibn, and one IIn). For the period P103, AMUSING pro-
posed observations of 52 SNe II, 18 SESNe, and nine interacting
SNe. From those, 71 SNe were observed (47 11, seven IIb, seven
IIn, five Ib, four Ic, and one Ibn). AMUSING obtains obser-
vations with different observing conditions, with variable sky
transparency and seeing. The data presented here were obtained
with a median seeing of ~0.9”. An additional 39 galaxies that
hosted ASAS-SN SNe (29 11, five Ic, two IIb, one IIn, one Ibn,
and one SLSN) between 2014 and 2018 were obtained from the
ESO Archive Science Portal'. While using archival data could
lead to biases in the final sample selection, we recalculated our
results with a reduced sample only containing those SN hosts
observed through AMUSING. No difference in the results were
seen and thus we choose to keep the archival data in our sample.
The MUSE datacubes were reduced using the ESO reduction
pipeline” (version 1.2.1, Weilbacher et al. 2014). The pipeline
applies corrections for the bias, flat-field, geometric distor-
tions and illumination, and performs wavelength calibration
and sky subtraction. All of the data obtained in P96 were
reduced by the AMUSING collaboration, while data from P103
were directly obtained from the ESO Archive Science Portal
(for P103, observations were processed by ESO and uploaded
in semi-real time at the Science Portal). Further astrometric
corrections were applied in the reduced data: the cubes were
registered to the Gaia DR2 (Gaia Collaboration 2018) source
catalog via VizieR Queries® (Ginsburg et al. 2019) and com-
pressed in the wavelength direction to create an image and
Gaussians are fit at a 10-pixel box centered at the position
of all cataloged sources within the datacube field of view
(FoV). Finally, the average astrometric shift is calculated and
the WCS is updated. Additional flux calibration correction was
achieved by producing synthetic - and i-band images from
the MUSE datacube, and comparing aperture photometry per-
formed on the synthetic images to photometry using the same
aperture from PanSTARRS (Kaiser et al. 2002; Chambers et al.
2016; Flewelling et al. 2020), SDSS (York et al. 2000), or DES
(Flaugher 2005; The Dark Energy Survey Collaboration 2005)

' http://archive.eso.org/scienceportal/home

2 http://www.eso.org/sci/software/pipelines/

3 https://astroquery.readthedocs.io/en/latest/vizier/
vizier.html
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Table 1. General properties of the SNe and their host galaxies.

Name Type @ RA® Dec Host galaxy name Zhost Aomw @ Mppost @
SN2018eog 11 2028 11.970 -0308 13.47 2MASSJ20281135-0308096 0.01886 - -
SN2018ant 1I 083631.450 -114940.73 MCG-2-22-22 0.019784 0.192 -20.67
ASASSN-180a 11 013027.120 -264705.98 ESO476-G16 0.019744 0.055 -20.94
SN2018bl 11 0824 11.590 77 47 16.55 ESO 18-G9 0.017773 0.357 -20.94
SN2018evy IIn 1822 38.170 +1541 47.66 NGC 6627 0.017647 0.611 -20.94
SN2018cho IIn 001326.515 +172919.57 1IC4 0.016558 0.173 -20.72
SN2018ie 11 1054 01.060 -160121.40 NGC 3456 0.013954 0.211 -20.76

Notes. The entire table is available at the CDS. @AIl the supernova types, coordinates, and host galaxy names are taken from Holoien et al.
(2017a,b,c, 2019), and Neumann et al. (2023). ®RA and Dec are given in the J2000 epoch. “The Galactic extinction, A, yw, Was taken from the
NASA-IPAC Extragalactic Database (NED). "The host galaxy absolute magnitudes in B band, M}, were taken from HyperLeda.

Table 2. Distance properties of the H1I regions related to each SN.

Name Zemb DL (Mpe) @ dpoi (p)® g (pe)©  Areayy (kpc?)
SN2018eog 0.0180 79.1 0.0 460.2 5.99
SN2018ant 0.0207 91.9 0.0 534.6 3.29
ASASSN-180a  0.0190 86.8 0.0 504.8 2.94
SN2018bl 0.0181 80.2 0.0 466.3 0.68
SN2018evy 0.0173 77.1 0.0 448.6 1.90
SN2018cho 0.0155 68.1 0.0 396.3 0.49
SN2018ie 0.0151 67.7 0.0 393.6 0.49

Notes. The entire table is available at the CDS. @The luminosity distance, Dy was estimated using the CMB redshift, z¢mb, and a cosmic flow
model for the Local Universe. ?d,,; is the projected distance between the SN position and their related HII region. dy,; = 0 means that the
H1I region is centered at the SN position. ©The HII region radius, ryy, and area, Areayy, are estimated from the projected size in pixels of the

identified regions.

r and i images. The MUSE datacubes were then scaled to the
fluxes to the survey values (Galbany et al., in prep.).

From our initial sample of 117 CCSN hosted by 116 galaxies
(with the galaxy NGC 5962 hosting two SNe: SN 2016afa and
SN 2017ivu), in three SN host galaxies (NGC 1566, NGC 6907,
and ESO 560-G013) the region where the SN was located is
affected by contamination due to an ionizing source other than
star formation, and is therefore not useful for our analysis (see
Sect. 3.1 for details of our emission-line extraction and analysis
techniques). This is determined by a Baldwin, Phillips, and Ter-
levich (BPT)-diagram (Baldwin et al. 1981) test (see Fig. A.l
and a description of the BPT analysis of our SN host galaxy
H1I regions is given in Appendix A), where these regions fall
above the Kauffmann et al. (2003) line. The galaxy NGC 3256
was also excluded from the final sample, as it contains galactic-
scale outflows that could affect the interpretation of the phys-
ical properties of the environment close to the SN position
(Lopez-Cobd et al. 2020). Finally, the host galaxy of ASASSN-
151v (GALEXASC J015900.57-322225.2) was excluded, as the
signal-to-noise ratio (SNR) was low for any meaningful analysis
(see Sect. 3.1 for a discussion on the SNR threshold on our anal-
ysis). After these cuts we are left with 112 SNe in 111 galaxies.
We did not exclude any galaxy based on its inclination and thus
the sample might include highly inclined galaxies, which could
include extra uncertainties to the SN environment analyses due
to extinction and line of sight confusion.

Table 1 shows the general properties of the 112
CCSNe and their host galaxies. The SN names, types,
coordinates and host galaxy names were obtained from
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Holoien et al. (2017a,b,c, 2019), and Neumann et al. (2023).
The galaxy coordinates and Galactic extinctions were taken
from the NASA-IPAC Extragalactic Database (NED)*, while the
host B band absolute magnitudes were taken from HyperLeda’
(Makarov et al. 2014). The host redshifts were estimated using
a spectrum from a 1" diameter aperture centered at the galaxy
core, extracted from each datacube, using the peaks of the
main emission lines (Balmer He and HB, and [OII]A5007)
or the minimum of the Ha and HB absorption features, and
are reported in Table 1. The initial redshifts were converted to
heliocentric redshifts by using Astropy SkyCoord® and to CMB
frame redshifts using the dipole coordinates from Lineweaver
(1997). Table 2 reports the redshift estimated in the cosmic
microwave background frame (z¢mp) and the derived luminosity
distance (Dy ). Since our sample comprises nearby galaxies, the
Dy, values were estimated using a cosmic flow model for the
Local Universe (Carrick et al. 2015)7, assuming a flat curvature,
Hy =70kms™! Mpc‘1 and Qy = 0.3.

Figure 1 shows the distribution of the different CCSN types
in our sample. There are 78 II, nine IIn, seven IIb, seven Ib,
four Ic, three Ibn, two Ic-BL, one ambiguous Ibc (SN 2017gax
has an ambiguous classification, as reported in Jha 2017), and
one SLSN. SNe II dominate the sample, comprising 69% of all
the SNe. In the magnitude-limited sample of Li et al. (2011), the

4 https://ned.ipac.caltech.edu

> http://leda.univ-lyonl.fr/

® https://docs.astropy.org/en/stable/api/astropy.
coordinates.SkyCoord.html

7 https://cosmicflows.iap.fr/
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112 CCSNe

Ibc
Ib
b
In Ibn

Fig. 1. Distribution of the different SN types for the 112 events in our
sample.

ratio between SNe II and SESNe (including SNe IIb) was esti-
mated to be ~2.0. The same ratio in our sample is of 3.4 + 1.9,
including the seven SNe IIb, seven Ib, four Ic, one ambiguous
Ibc, and two Ic-BL. This ratio is estimated using the median of
a binomial distribution, with the uncertainty given by the 90%
confidence range. The ratio of 0.4 + 0.2 between SNe Ic and
Ib is lower than the estimated by Li et al. (2011, ~1.6). On the
other hand, the ratios of SNe II to SNe IIn (8.8 = 1.7) and IIb
(8.7 +£1.4) are higher than Li et al. (2011, ~1.9 and ~3.2, respec-
tively), indicating an underrepresentation of the latter types. We
also note that low number statistics may dominate the relative
numbers of all SNe other than SNe II.

In Fig. 2 we show a comparison of 77 SNe II and their
host galaxy properties in our sample to 116 SNe II from
Anderson et al. (2014, herefater A14) and Gutiérrez et al. (2017,
hereafter G17). The latter samples are heterogeneous and com-
prise SNe detected and followed by a number of different
surveys between 1986 and 2009. We also show a compari-
son with 19 SNe II to be within low-luminosity galaxies from
Gutiérrez et al. (2018, hereafter G18). The top and middle panel
of Fig. 2 show, respectively, the distribution of peak appar-
ent and V-band absolute magnitudes of the SNe. One can see
that the ASAS-SN CCSN sample is shifted to brighter magni-
tudes, with a median V-band apparent magnitude of 16.2 mag,
as compared to the 17.3mag for A14/G17 and 16.5 mag for
G18. This could be due to ASAS-SN being a magnitude-
limited survey, with a limit of detection of V ~ 17.5, thus dis-
covering transients with brighter apparent magnitudes (Desai
et al., in prep.). Another possibility is the intrinsic differ-
ences in the SNe due to the observation selection effect. The
middle panel shows that the ASAS-SN events are shifted to
intrinsically brighter values, with the median absolute magni-
tude of the ASAS-SN being ~—17.6 mag, while the A14/G17
and G18 samples show a median ~—16.7 mag. Because ASAS-
SN detects brighter events, making a redshift cut on the sample
decreases the bias toward brightness and makes it almost com-
plete in a given volume. The bottom panel of Fig. 2 shows the
distribution of 60 SNe II host absolute magnitudes in B band
(Mp) and CMB redshifts (zemp) in our sample. The redshifts
span between ~0.002 and ~0.025, with a median at ~0.012.
The ASAS-SN sample is concentrated at relatively nearby
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Fig. 2. Comparison of the properties of the SNe II and their hosts in
our sample to the SNe II presented in A14/G17 and G18. The top and
middle panels show, respectively, the distribution of the apparent (my)
and absolute (My) magnitudes in V band at peak brightness for the
transients. Apparent magnitudes for the A14/G17 sample are estimated
using values of My, distance modulus, host and Milky Way extinction
provided by the authors, while for the G18 sample apparent magnitudes
are estimated using the M\ and Milky Way extinction values provided in
the paper. The bottom panel shows the distribution of the SN host galaxy
redshift as a function of the host absolute magnitude in B band, Mg. For
A14/G17 and G18, the host redshift is estimated using the recession
velocity, while for the ASAS-SN sample we use the host zcyp reported
in Table 2.

host galaxies, with a median redshift slightly smaller than the
A14/G17 galaxies (median ~0.015), but slightly larger than the
G18 galaxies (median ~0.011). The most important difference
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of the ASAS-SN CCSNe to heterogeneous and targeted samples
is evident also in the bottom panel of Fig. 2: as a heterogeneous
sample, the A14/G17 SNe are biased toward brighter galaxies
and do not cover the lower end of the host Mg values (with a
median absolute magnitude at ~—20.6 mag). As a targeted sam-
ple, on the other hand, the G18 sample is biased toward fainter
galaxies (with a median absolute magnitude at ~—17.7 mag).
The ASAS-SN host galaxies show a more spread distribution of
M3, with values between ~—16.5 and ~—22.0 mag, and a median
at ~—19.6 mag. This shows the completeness of our sample in
terms of galaxy brightness and size, which highlights the unbi-
ased nature of our analysis of the CCSN environments.

3. Analysis
3.1. Hu region segmentation

CCSNe are known to be generated by relatively young and mas-
sive stars, making the delay time between the progenitor forma-
tion and its explosion short enough for the star to be close to
its birth site (e.g., Zapartas et al. 2017). This assumption makes
the closest HII region a useful probe of the physical proper-
ties of their progenitors. We therefore analyze the HII region
at the SN location and use it as a proxy for the study of the
direct environment around the explosion. In order to identify
the distinct HII regions in each galaxy and to improve their
SNR, we use the segmentation method of these regions (as used
in, e.g., Galbany et al. 2016a; Lyman et al. 2018), which con-
sists in combining the observed signal of adjacent spaxels into
one region. We use IFUANAL® (Lyman et al. 2018) through the
“nearest bin” method to perform HII region segmentation in the
datacubes and to obtain emission line and stellar continuum fit-
tings for the spectra in each region. IFUANAL is optimized to
perform HII region segmentation on MUSE datacubes. We run
the code on the cubes corrected by the host redshift and Galac-
tic extinction. The Galactic reddening correction was made using
the values from Schlafly & Finkbeiner (2011) for the Milky Way
toward the host galaxy.

Figure 3 shows the MUSE RGB image composition of the
galaxy NGC 3456, located at ~62.9 Mpc. The galaxy hosted SN
Ic 2018ie, whose position is marked by the yellow star. The top
panel in the right column of Fig. 3 shows the section of the
galaxy covered by the MUSE observation. The middle panel in
the right column of Fig. 3 shows the Ho map of the galaxy, and
the bottom panel shows the resulting oxygen abundance in the
D16 index for the segmented H 1T regions in the galaxy.

IFUANAL segments the HII regions in the following steps:
First, an Ha map is produced by simulating a 30 A filter cen-
tered on the Ha emission line, subtracting the continuum level
and applying a Gaussian filter to avoid peaks in the noise. The
code uses three main parameters to define the H1I regions based
on the Ha emission map: a minimum flux threshold to define
seed peaks from which the region is allowed to expand from; a
maximum radius in pixels for the region size; and a maximum
flux threshold. All the pixels around the brightest peak will there-
fore be included in the H I region up to the maximum flux or the
maximum predefined distance radius. We use a minimum thresh-
old of three times the standard deviation of the Ha flux in a back-
ground region of the datacube, and a maximum flux of 10 times
the standard deviation of the Ha flux. We find that these param-
eters generate the best region segmentation and, after a series
of tests with different parameters, varying the parameters around

8 https://ifuanal.readthedocs.io/en/latest/index.html
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these values do not result in any significant difference in the final
results (see Appendix B).

Since the galaxies in our sample have a large range of dis-
tances (~10—167 Mpc), we separate them into two groups to
define the maximum radius of the segmented bins: for galax-
ies closer to 30 Mpc we use a maximum bin radius of 10 px, and
for more distant galaxies we use a maximum bin radius of 6 px.
This leads to a median bin radius size ~336 pc, which is similar
in size to observed HII regions (see e.g., Crowther 2013). One
caveat is that the regions are circular of very similar sizes, while
real HII regions have different shapes and sizes.

The spectra are averaged using an arithmetic mean, pro-
ducing one spectrum for each region. STARLIGHT is used to
perform stellar continuum fitting (Cid Fernandes et al. 2005;
Mateus et al. 2006), with simple stellar population synthesis
models from Bruzual & Charlot (2003) for the MILES spec-
tral library (Sdnchez-Bldzquez et al. 2006) and using an initial
mass function (IMF) from Chabrier (2003) with a mass range
0.1-100 M. The components of the base models have ages from
1 Myr to 13 Gyr for four metallicities, Z = 0.0004, 0.008, 0.02,
0.05 (Lyman et al. 2018). The emission lines of the continuum-
subtracted spectra were fit using multiple Gaussians. Only the
emission lines with a SNR? of >3 are fit, so their fluxes, EWs
and uncertainties can be properly estimated. The uncertainty in
each parameter is estimated through the propagation of uncer-
tainties in the fittings of the individual emission lines.

For the analysis presented in this work, we selected HII
regions centered at the SN positions, with most of the regions
selected (90 regions) being exactly at the SN coordinates.
Although an H1I region is spatially coincident with a SN, there
is a possibility of chance alignment due to the lack of three-
dimensional information on the line of sight (see, e.g., Sun et al.
2021, 2023). However, it is important to note that our analysis
(and in general these types of environment analyses) are statisti-
cal in nature. While the environment properties of any given SN
may not be directly related to the event’s progenitor properties,
for a large sample of events the overall distribution of environ-
ment properties can be used to constrain the progenitors of that
SN type.

For 27 of the SN locations, the signal was still dominated by
the transient, with broad lines distinct from the narrow emission
features expected for the underlying H1I region. Table 3 reports
the SN names and their phase at the observation date relative to
peak luminosity, given in days. We masked the region around the
SN for these cases, until only narrow emission lines of the under-
lying H1I region can be detected. The spectra for these cases are
extracted from the annulus resulting from this masking.

If the fit of the extracted spectrum at the SN position has
a SNR of >3, we extract the Ha flux and EW, oxygen abun-
dances, and extinction (see Sect. 3.2 for a description of the
physical parameters used in this work). If the SNR is <3, we
fit the Ha emission profile at the SN position and use the spec-
trum of the nearest HII region up to a distance of 1kpc (this
was necessary for 11 regions) to derive the oxygen abundance.
A total of 13 SNe have a HII region at a distance larger than
1 kpc. In these cases, we extract the spectrum at the SN position
and fit the Ha emission profile. If the SN is hosted by a dwarf
galaxy, we use the oxygen abundance of the nearest H1I region,
as dwarf galaxies usually have homogeneous metallicity distri-
butions (Taibi et al. 2022). If the SN is hosted by a spiral galaxy,

° The SNR is given by the ratio of the line flux estimated from a Gaus-
sian fit and the total flux uncertainty, which is given by a combination
in quadrature of the statistical and photon noise uncertainty.
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Fig. 3. MUSE RGB image composition of the galaxy NGC 3456 where the O [III] emission is blue, He is green, and S1I is red. The top panel in
the right column shows the MUSE pointing from where the observation of the galaxy was taken, obtained from the ESO Archive Science Portal
and based on a Digitized Sky Survey (DSS) colored image of the galaxy. The galaxy is located at z ~ 0.0142 and hosted the SN Ic 2018ie, where its
position is marked by the yellow star. The middle panel in the right column shows the Ha luminosity, with the markers indicating all HII regions
identified by IFUANAL and used to obtain the other parameters from the datacube. The bottom panel reports the physical parameter map for the

oxygen abundance of the segmented H II regions obtained from IFUANAL.

we use the observed oxygen abundance gradient to extract the
value at the SN position, as described in Appendix C. One excep-
tion is ASASSN-14jb. Although it has a projected distance of
1.4 kpc from the nearest HII region, its explosion site was ana-
lyzed in detail by Meza et al. (2019a), who showed that the SN
was consistent with a low metallicity environment similar to the
outer edges of its host galaxy. Based on the arguments from
Meza et al. (2019a), we use the physical properties derived from
the nearest H1I region for ASASSN-14jb.

3.2. Analysis of physical parameters

3.2.1. Oxygen abundance indicators

The nebular emission lines of HII regions are tracers of ioniza-
tion produced by young stellar populations. Since oxygen has
very strong nebular emission lines that dominate the spectra of
H 11 regions together with H lines, its abundance can be used as a
proxy to indicate the amount of metals present in the interstellar
medium. One of the most commonly used methods to estimate
H1I region oxygen abundances is the O3N2 index, introduced
by Alloin et al. (1979), which uses the Ha, HB, [O11]15007,
and [N11]16584 emission lines. The index was also used by
Pettini & Pagel (2004), who used a calibration based on pho-
toionization models. Here, we use the O3N2 index calibration
given by Marino et al. (2013, M13), who used the observations

of multiple H I regions to estimate the electron temperature. The
O3N2 index has the advantage of being insensitive to extinction
and flux calibration, because of the similar wavelengths of the
He/[N11] and HB/[O 11] line pairs.

We also use the N2 index calibration given by
M13, which was extensively studied by many authors
(e.g., Storchi-Bergmannetal. 1994; vanZeeetal. 1998;
Raimann et al. 2000). The oxygen abundance given by the
N2 index is defined by the line ratio between [N 11]16584 and
He, again minimizing the sensitivity to reddening corrections
and flux calibration. Finally, we use the oxygen abundance
indicator described in Dopitaetal. (2016, D16). The D16
index is calibrated using photoionization models and is also
insensitive to reddening. It uses the ratio between [N II]16584
to [S1]A16717,31 and [NI1]A16584 to Ha as an estimate of
chemical abundance. This method provides the highest values of
oxygen abundance in our analysis (see discussion in Sect. 4.1)
and, as described in Dopitaetal. (2016), the index model
provides a good linear fit up to 12 +log(O/H) ~ 9.05 dex.

The uncertainties in oxygen abundances are derived from the
propagation of line fitting errors from the spectra. We note, how-
ever, that each calibration index has intrinsic uncertainties of
~0.1-0.2 dex, as shown by Marino et al. (2013) and Dopita et al.
(2016). Such uncertainties might affect the comparison between
the different distributions and indicators, and are taken into
account in our conclusions.
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Table 3. Phase of the observations relative to the SN peak luminosity,
for the events that presented broad spectral features at their position.

SN Phase (d)
ASASSN-14dp  +540
ASASSN-14jb  +391
ASASSN-14kp  +399
ASASSN-15fz  +1576
ASASSN-151h  +424
SN2015bf +1277
ASASSN-16at  +1208
ASASSN-16bw  +778
ASASSN-16in  +1076
ASASSN-16jt +1064
ASASSN-160y  +1031
ASASSN-16po  +341
SN2017ivu +527
SN2016bmi +538
SN2016gkg +436
ASASSN-17is +402
ASASSN-17je  +269
ASASSN-17jp  +39%4
ASASSN-17kx 4320
ASASSN-17ny  +722
ASASSN-170j  +554
ASASSN-17qp  +667
SN2017ahn +472
SN2017bif +447
SN2017bzb +780
ATLAS17hpc +673
SN2017gmr +338

3.2.2. Ha emission

Tracing of Ha emission is a well established method to look for
correlations between SN locations and the star forming regions
in a galaxy (e.g., Leloudas et al. 2011; Anderson et al. 2012;
Kuncarayakti et al. 2013a,b; Kangas etal. 2017). As demon-
strated by Kennicutt (1998), the Ha Iuminosity alone can be
used as an estimate of the recent star formation rate (SFR). Here,
we use the conversion given by Kennicutt (1998) to obtain the
SFR in My yr~! from the extinction corrected Ha luminosity:
SFR(M,, yr’l) ~ 7.9 x 107*? L(Ha). Because the galaxies in our
sample have different sizes, we use the star formation rate sur-
face density (XSFR) in order to estimate the SF intensity normal-
ized by the physical size of each HII region, dividing the SFR at
each location by the area, as reported in Table 2. We report the
uncertainty in SFR propagated from the He line fitting. We do
not correct the Ha luminosities by the host galaxy inclination.
We also do not take into account the dependence of the conver-
sion factor on the properties of the stellar populations (for exam-
ple, age, metallicity, and single vs binary stars; see Eldridge et al.
2017).

The He EW gives a measurement of the strength of the line
relative to the continuum. Assuming a stellar population born at
the same epoch, the contribution to the stellar population light of
young and massive stars will decrease with time, decreasing the
ionization of the H1I region and therefore the line strength rel-
ative to the continuum emission. Consequently, the EW can be
used as a tracer of the age and indicator of the level of the current
SFR in an H1I region (Leitherer et al. 1999; Xiao et al. 2019). It
is important to note that Ho EW is subject to the photon-leakage
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effect and contamination from older stellar populations, which
might input uncertainties in our conclusions (Xiao et al. 2018;
Schady et al. 2019; Sun et al. 2021). We use the He EW mea-
surements from the Gaussian fits to the line in Sect. 4.

3.2.3. Extinction

We use the Balmer decrement as an indicator of the dust extinc-
tion at the line of sight, E(B — V). We estimate it using
Eq. (3) from Dominguez et al. (2013), assuming (Ha/HB) =2.86
for Case B recombination, and k(1) parameters obtained from
a fitting to the Cardelli et al. (1989) extinction law. The extinc-
tion is extracted only from HII regions coincident with the SN
position.

The values of E(B — V)0 for the different SN host H1I
regions also are related to the extinction suffered by the SNe
themselves. We therefore compare the values of extinction for
the different CCSN types and analyze which subtype environ-
ment is more reddened, and therefore more affected by the pres-
ence of preexisting dust.

4. Results

In this section, we present the normalized cumulative distribu-
tions for the physical parameters of the HII regions at the SN
positions. To estimate the measured errors associated to each
normalized cumulative distribution, we have performed a resam-
pling of 3 x 10* trials of each distribution, using the uncertainty
associated to each parameter as one sigma of a Gaussian distri-
bution. We also show the Kolmogorov—Smirnov (KS) statistic
matrix and report the results from the Anderson-Darling (AD)
tests for the combination of the different SN types at each dis-
tribution. The p-value of these tests express the statistical sig-
nificance of two distributions being drawn from the same parent
population. While a KS test is more sensitive to the center of the
distributions, the AD test is a modification more sensitive to the
tail ends of the distributions. We consider a p < 0.05 as indicat-
ing a statistically significant result. We show the measured fluxes
for the different emission lines and the resulting physical param-
eter values in Appendix D, and the statistics, KS and AD results
for these parameters in Appendix E.

We first separate the CCSNe into types II, IIb, Ib, Ic (includ-
ing SNe Ic-BL), IIn (including ASASSN-164jt, classified as a SN
2009ip-like event), and Ibn, based on their spectroscopic classi-
fication from Table 1. In order to make a more statistically sig-
nificant analysis, we also group the CCSNe into three different
groups: SNe II, consisting of the 78 II; SESNe, including the
four Ic, two Ic-BL, seven IIb, seven Ib, plus SN 2017gax, clas-
sified as an ambiguous SN Ibc; and IIn/Ibn SNe, including the
nine IIn and three Ibn.

Because SN 2015bn is classified as a SLSN, it does not
belong to any of the other subtypes. As it is one single event,
it cannot be included in the statistical analyses used for the other
groups. Therefore, we present an analysis of its environment in
Appendix F, and make a comparison with the results for the other
subtypes of CCSNe presented in this section.

4.1. Oxygen abundance

Figure 4 shows the cumulative distributions of the oxygen abun-
dances for the HII regions. Tables E.1-E.3 present the median
and average values, the KS test results, and the AD test results,
respectively. SNe Ic, IIb, and Ibn have the highest median
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Fig. 4. Cumulative distributions for the D16, N2, and O3N2 oxygen abundance indicators of the different types of CCSNe. The right column shows
the Kolmogorov—Smirnov (KS) statistic matrix for the combination of the different SN types. The legend gives the number of SNe used in each
distribution and the median oxygen abundance is marked as the dashed linse. The color scale and the matrix values report the KS p-values.

metallicity values for all three indicators, while SNe II have
the lowest median value for the D16 index, SNe IIn for the N2
index, and SNe Ib for the O3N2 index. The D16 indicator leads
to the largest range of oxygen abundance values (going from
12 +1og(O/H) ~ 7.6 dex to ~9.2dex). This index also provides

a KS p-value ~0.05 between SNe Ic and II, suggesting a statisti-
cally significant difference. The other comparisons between the
CCSN distributions do not show statistically significant differ-
ences. No comparisons between the different types show statis-
tically significant difference for the N2 and O3N2 indexes.
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Fig. 5. Cumulative distributions for the D16, N2, and O3N2 oxygen abundance estimates of the CCSNe grouped as SNe II, SESNe, and IIn/Ibn.
The right column shows the Kolmogorov—Smirnov (KS) statistic matrix for the combination of the different SN types.

In Fig. 5, we show the cumulative distributions the CCSNe
grouped into SNe II, SESNe, and IIn/Ibn. The SESN events have
the higher median metallicities for all three indexes. None of the
indicators show any statistically significant differences.

4.2. Ha equivalent width

Figure 6 shows the cumulative distributions of the Hae EW
for the different CCSN types. The median and the average
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of each distribution, their KS test and AD test values are in
Tables E.4-E.6, respectively. In the top panel of Fig. 6, we see that
SNe Ic have the highest median Ho EW (221 + 9 A), followed by
SNellbandIb(139.8+8 A and 87.2+12 A, respectively). SNe Ibn
show the lowest median Ho EW (45 + 11 A), although only three
events are considered in the analysis and chance alignment with
older stellar populations cannot be excluded. The KS test values
between the different distributions are not statistically significant,
with the resulting KS test p-value between the SNe Il and Ic being
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Fig. 6. Cumulative distributions of the He EW of the H 11 regions at the SN locations. The top row shows the distribution for all the SN types, while
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shown in the right column.

~0.1. However, the AD test shows a significance value of ~0.03
between the SNe II and Ic, suggesting a statistically significant
difference between the distributions.

When we group the different types as SNe II, SESNe, and
IIn/Ibn, in the bottom panel of Fig. 6, SESNe show a higher
median of Ho EW (109 + 5 A) than the other subtypes. The KS
test shows a statistically significant difference between SNe II
and SESNe, with a p-value ~0.03. The AD test also shows a sta-
tistically significant difference between SNe II and SESNe, with
a significance value of ~0.005.

As can be seen in Fig. 6, one event has a very large Ho EW:
SN 2016cdd, a SN Ib, with an Ho EW of 99520 A. SN 2016cdd
is a regular SN Ib, with He I absorption features and is similar to
the prototypical SN 1999dn (Qiu et al. 1999; Hosseinzadeh et al.
2016). Although this appears to be a common example of a SN
Ib, it is associated to a very high value of Ho EW, suggesting
an association with very young stars and very recent episodes of
star formation. Finally, a chance alignment of the SN with a very
recent star-forming region cannot be excluded.

4.3. Star formation rate

The top panel of Fig. 7 shows the cumulative distributions of
~SFR for the different CCSN types. The median and the average of
each distribution, their KS test and AD test values are reported in

Tables E.7-E.9, respectively. The SNe Ic have the highest median
log; ESFR (=1.11£0.50 M, yr~! kpc™2), with no associated H 11
regions having log;, ©SFR < —3 M yr~! kpc=2. SNe IIn have the
smallest median value (—2.13+0.17 M, yr~! kpc=2), followed by
SNe Ibn (=1.97 + 1.0 M, yr~! kpc~2). Based on the KS and AD
tests the differences are not statistically significant.

The differences between SNe II, IIn/Ibn, and SESNe are
clearer in the bottom panel of Fig. 7. The SESNe have the high-
est values of XSFR, with a median of log;, XSFR = -1.27 +
0.23 M, yr~' kpc™2. The KS and AD tests show no statistically
significant difference.

4.4. Extinction

In the top panel of Fig. 8 we show the cumulative distributions
for the host extinction for the different CCSNe, and report the
median and average of each distribution, the KS and AD test val-
ues in Tables E.10-E.12, respectively. The extinctions have val-
ues up to ~1 mag, with a SN Ic having the highest value and the
SNe IIb having the highest median of 0.32 +0.3 mag (although it
has a large uncertainty associated). SNe Ib and Ic have the same
median value for their distribution (~0.20 mag) and SNe II have
a similar median (0.23 + 0.1 mag). However, the differences are
not statistically significant.
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Fig. 7. Cumulative distributions of the star formation rate surface density (XSFR) of HII regions at the SN locations, for the different SN types,
and for the types grouped into SNe II, SESNe, and IIn/Ibn. The right column shows the Kolmogorov—Smirnov (KS) statistic matrix.

Grouping the different SN types does not produce a more sta-
tistically significant result, as it is shown in the bottom of Fig. 8.
The SNe II, SESNe, and IIn/Ibn have very similar median val-
ues, ~0.23, ~0.22, and ~0.26 mag, respectively.

5. Discussion
5.1. Constraints on progenitor properties

As discussed in the introduction, other studies of SN environ-
ments with larger samples have been achieved, but most of them
have the major drawback of selecting SNe from targeted surveys,
or selecting a sample with little or no control for systematics and
biases. This might have an important effect in the final results,
since these studies are focused on more massive and more metal
rich galaxies, while also combining selection effects from many
different SN search surveys.

We find in Sect. 4 that SESNe are associated with larger
median He EW, ESFR, and oxygen abundances than SNe II and
IIn/Ibn, and that SNe Ic have larger values of these parameters
than SNe Ib and IIb. Although this could indicate that SESNe
come from younger, more massive and more metal rich stars
than SNe II and IIn/Ibn, the differences between the distributions
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are not statistically significant in most cases, suggesting that any
difference in progenitor properties is not large.

For the different CCSN subtypes, we see a decreas-
ing trend in median values of He EW and XSFR as
Ic — IIb/Ib — II/Ibn/IIn. We found a statistically significant dif-
ference only between SNe Ic and II for Ho EW. This sug-
gests that SNe Ic are associated to the youngest and more
star-forming stellar populations, while SNe II and IIn are
related to the oldest and less star-forming populations between
the CCSNe. This relation also shows that SNe Ic are asso-
ciated to younger and more star-forming stellar population
than SNe IIb and Ib, pointing to differences in progenitor age
and mass-loss mechanisms. Similar results were also found
by other previous analyses (see, e.g., Anderson & James 2008;
Sanders et al. 2012; Anderson et al. 2012; Galbany et al. 2014,
2018; Habergham et al. 2014; Kuncarayakti et al. 2018). Again,
we note that the differences in He EW and ZSFR between the
CCSN subtypes are not large, as no statistically significant result
was found for most cases. We also note the large intrinsic errors
in the measured XSFR.

In the analysis of oxygen abundance, we see a decreasing trend
of median values as Ic/IIb/Ibn — Ib — II/IIn in the D16 and N2
indexes, and Ic/IIb/Ibn — II/IIn — Ib in the O3N2 index. These
results suggests that SNe Ic are related to the more metal-rich
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environments, while SNe II and IIn are associated to the less
metal-rich regions within CCSNe. This also suggests that SNe Ic
and IIb are associated to stellar populations with higher metal con-
tent than SNe Ib. However, the only statistically significant differ-
ences found were in the D16 index between SNe IT and Ic. The lack
of statistically significant differences in the N2 and O3N2 indexes
suggests that the metallicity differences in the environments of
the different CCSN subtypes is not large. We also note that the
large intrinsic errors associated to the oxygen abundance calibra-
tors might input uncertainties in this analysis. Although previous
studies found significant differences in the environment metal-
licity of SNe II and SESNe (see, e.g., Prantzos & Boissier 2003;
Boissier & Prantzos 2009; Prieto et al. 2008; Arcavi et al. 2010;
Modjaz et al. 2011), recent analyses have shown that such differ-
ences might not be large. Galbany et al. (2016b, 2018) showed
that no difference in the metal content of SN environments is seen
when using a targeted sample, but that significant differences arise
when taking host galaxies from untargeted searches. By using the
integrated properties of SN host galaxies, Schulze et al. (2021)
found no significant differences in the galaxy mass (related to
metallicity) and SFR for the different CCSN types, although they
show that SNe Ibc prefer galaxies with slightly higher masses and
SFR than SNe II and IIb.

Rotating single star models predict that SNe Ib should be
generated by stars in the range of 20—40 My, while SNe Ic
should arise from progenitors with masses greater than 40 M,
at solar metallicity (Georgy et al. 2009). Binary population mod-
els predict that SNe originating in such systems would require
less massive progenitor stars for the envelope stripping (e.g.,
Eldridge et al. 2008). However, recent binary models show that
a thin layer of hydrogen is still present after Roche-lobe over-
flow in these systems, making it hard to the stars to lose their
deeper helium layer (Yoon 2017). Other recent results propose
a hybrid mass-loss mechanism, with both binary interaction and
strong winds playing a role (Fang et al. 2022; Sun et al. 2023).
Our results suggest that SNe Ic have a higher chance to be orig-
inated by more massive and more metal-rich stars than SNe Ib,
either in single or binary systems.

We find that SNe IIb are related to slightly younger and star-
forming regions than SNe II and Ib, and with values of oxy-
gen abundance higher than these types. Previous studies either
report SNe IIb environments older than (e.g., Anderson et al.
2012; Kuncarayakti et al. 2018; Maund 2018) or similar to (e.g.,
Kangas et al. 2013; Sun et al. 2023) SNe Ib. The fact that the
progenitors of SNe IIb are in a similar age and mass range to
SNe II might suggest that their progenitors are predominantly
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in binary systems, as they would not be massive enough to lose
their envelopes through single-star winds. Another possibility is
that SNe IIb come from a mixture of progenitors with different
metallicities and mass ranges.

We have shown that SNe IIn/Ibn have very similar Ha
EW, SFR, and oxygen abundances to SNe II. Given the large
amount of material ejected by these events, a massive pro-
genitor (LBVs in the case of SNe IIn and massive WRs for
SNe Ibn) is expetected to generate such strongly interacting
transients. However, lower mass progenitors could also gen-
erate SNe IIn, such as RSG with superwinds or static CSM
shells close to the star (e.g., Fransson et al. 2002; Smith et al.
2009). Other analyses of the environments of SNe IIn also
found no association to more metal rich or more younger
stellar populations, showing very similar properties to normal
SNe II (Taddia et al. 2013; Anderson et al. 2012; Kangas et al.
2017; Kuncarayakti et al. 2018). Galbany et al. (2018), however,
showed that the age distributions of SNe IIn had a bimodal dis-
tribution, and Ransome et al. (2022) also found a bimodal dis-
tribution of progenitors associated to younger and older stellar
populations. Recent studies of SNe Ibn also show that they could
be associated to older stellar populations (e.g., Shivvers et al.
2017; Sun et al. 2020), in agreement with our results (although
we note the low number of SNe Ibn in our sample).

Finally, we have shown that the CCSNe have similar values
of host galaxy extinctions, with a median extinction ~0.2 mag
for most of the subtypes, although SNe Ib have a slightly larger
median. This is similar to what was found by Drout et al. (2011)
and Sanders et al. (2012). Kelly & Kirshner (2012) found that
SNe Ib and Ic have significantly higher values of host extinc-
tion than SNe II and IIb. Galbany et al. (2017) also demon-
strated that SESNe have a larger dust reddening and H1I col-
umn density than SNe Ia and II. Sanders et al. (2012) showed
that the hosts of SESNe do not have any significant difference
in extinction between themselves, but Kelly & Kirshner (2012)
found that SNe Ib and Ic have significantly higher values of host
extinction than SNe II and IIb.

5.2. Environment versus light curve properties

CCSNe display a variety of properties in their LCs that are
directly connected to the evolution of their progenitor stars and
explosion properties. Properties such as the hydrogen envelope
mass, progenitor radius, explosion energy and ejected °Ni affect
the observed luminosity, duration and shapes of their LCs (e.g.,
Kasen & Woosley 2009; Bersten et al. 2011). By analyzing 116
V-band LCs of SNe II, Anderson et al. (2014) showed that they
display a large range of decline rates, and that the decline rate is
directly proportional to the magnitude at peak luminosity. Their
results also suggest that fast-decliner SNe II have lower ejected
masses. Recently, Martinez et al. (2022) found that SNe II with
higher luminosity have higher **Ni masses and that faster declin-
ing events have a more centrally concentrated °Ni distribution.
Martinez et al. (2022) also concluded that the explosion energy
was the property that dominates the SN LC diversity. G18 looked
for correlations between the LC parameters and the environ-
ments of SNe II in low-luminosity host galaxies, and concluded
that this sample had slower declining LCs than events in higher-
luminosity galaxies. G18 however found no correlation between
the plateau duration or the explosion energy of the Type II SNe
with the metallicity at their environments.

Recent analyses of SESNe LCs have shown that they are
characterized by relatively small ejecta masses and explosion
energies (Cano 2013; Taddia et al. 2015b; Lyman et al. 2016;
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Prentice et al. 2016). Since the LCs of these events are pow-
ered by radioactive decay, the amount of 3°Ni synthesized in the
explosion is directly proportional to the observed peak luminos-
ity. In a study of 34 SESNe, Taddia et al. (2018) showed that the
Am,s parameter, the brightness difference between the peak and
15 days later, is correlated with the slope of the LC during its
linear decay and with the peak absolute B-band magnitude.

Observations of SNe IIn have shown that they have very het-
erogeneous spectra and LCs (Taddia et al. 2013). Due to interac-
tion with CSM, SNe IIn can stay bright for a much longer period
than normal SNe, and the geometry of the CSM may drive fur-
ther LC diversity. Taddia et al. (2015a) proposed a grouping of
SNe IIn based on the similarities with the prototypical SN 1988Z
(Turatto et al. 1993), SN 1994W (Sollerman et al. 1998), and
SN 1998S (Fassia et al. 2000), and found that 1998S-like SNe
show higher metallicities than the other events. Nyholm et al.
(2020) analyzed the LC parameters of a sample of 42 SNe IIn
and found that they could be divided into two groups with dis-
tinct rise times, and that more luminous events are also the more
long-lasting.

Here, we look for correlations between the environment and
the explosion properties of the SNe in our sample. We com-
pare the LC properties to the derived physical properties of Ha
EW, ESFR, and oxygen abundance. We expand the study pre-
sented in Galbany et al. (2018) and make this analysis using
the LCs of 64 SNe II, eight SESNe, and ten SNe IIn (because
only one SN Ibn in our sample has good photometry cover-
age, this type is not included in this work). For most SNe,
we use BVr photometry obtained by ASAS-SN or the follow-
up observations obtained with the Las Cumbres Observatory
(LCO) telescopes (for a in depth discussion on ASASSN pho-
tometry, see Kochanek et al. 2017). In a few cases for which
ASAS-SN photometry is not available we use other published
photometry, such as for ASASSN-14jb (Meza et al. 2019b), SN
2014cy, SN 2014dw, SN 2015W (Valenti et al. 2016), and SN
2017gmr (Andrews et al. 2021). We characterize the LCs of
SNe II using the magnitude at peak luminosity and the decline
slope, s, similar to what was used by Anderson et al. (2014) and
Galbany et al. (2016c¢). For SESNe, together with the magnitude
at peak luminosity, we also use the Am;s parameter, first defined
by Phillips (1993) in the study of SNe Ia. For SNe IIn, we only
characterize their LCs with the magnitude at peak luminosity.
As noted before, our sample is composed of intrinsically bright
SNe, due to the magnitude-limited nature of ASAS-SN. There-
fore, this analysis is biased toward including brighter events at
the expense of fainter events, and fainter SNe could present dis-
tinct correlations between their LCs and environments.

The LC parameters are given in Tables G.1-G.3 for SNe II,
SESNe, and IIn, respectively. We show how the LCs and envi-
ronment parameters are related to each other in Figs. 9-11. To
define the possible correlation between the parameters analyzed,
we use the Pearson test factor and p-value of the distributions.
We find a correlation for the postmaximum decline slope, s, in
the B and r bands with the Hoe EW for SNe II. The resulting
Pearson test factors for these correlations were (B, V, r) = (0.63,
0.33, 0.86) (p-value =0.06, 0.07, 0.004). However, only a few
SNe 1II could have the s parameters derived from their LCs in
the B and r bands, leading to low-number statistics. In con-
trast to Galbany et al. (2018), no significant correlation is found
between the SFR and the V-band postmaximum decline slope
for SNe II.

For SESNe, correlations are found between B-band mag-
nitude at maximum luminosity and Ha EW, with a Pear-
son correlation factor of ~0.99 (p-value ~0.06) and small
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Fig. 9. SNe II postmaximum brightness decline rate (s) and absolute magnitude at peak (Mpc,) in B, V, and r bands, as a function of ZSFR (left),
He EW (middle), and the oxygen abundance given by the D16 indicator (right).

correlations are found between the B-band Am;s parameter
to XSFR and Ha EW, with Pearson correlation factors ~0.97
(although with a nonstatistically significant p-value ~0.1) and
0.98 (p-value ~0.09), respectively. Small correlations are also
found between M. and the oxygen abundance, with Pearson
test factors of (B, V,r)=(0.5, 0.5, 0.76) (p-value =0.1, 0.4, 0.2)
for the D16 index. This suggests that the production of synthe-
sized “°Ni in these explosions might be connected to the age
of their parent stellar population, with events that produce more
3Ni occurring in the oldest and less star-forming regions. This
also suggests a connection of their metal abundance to °Ni
production, with events in lower metallicity regions producing
more ®Ni than events in higher metallicity environments. We
also note that low-number statistics bring a significant caveat to
this analysis. A similar result was found for SNe Ia, as higher
metallicity leads to more production of 3¥Ni instead of *Ni (for
a recent description on SNe Ia modeling, see e.g., Bravo et al.
2019). However, we note that all of these results suffer from low-
number statistics, and thus additional events are required to test
the robustness of any correlations observed.

For SNe IIn, no correlation is found between M.,k and the
environment. Again, such an analysis might be suffering from
small number statistics, and more observations of SNe IIn are
required to enable stronger conclusions.

6. Conclusions

In this work, we analyzed 112 CCSN environments observed
with the MUSE instrument on the VLT. By using a untargeted
sample of galaxies that hosted CCSNe detected by the ASAS-SN
survey, we were able to make a minimally target-biased analy-
sis of their environments, with a larger control of survey selec-
tion systematics than previous studies. We used the H1I regions
centered at the SN positions to derive physical properties of

their environments, such as He EW, XSFR, oxygen abundance,
and host extinction. Our main results can be summarized as
follows:

— SESNe occur in environments with higher median Hao EW,
2SFR, and oxygen abundance than SNe II and IIn/Ibn. How-
ever, a statistically significant difference between the cumu-
lative distributions is found only for He EW between SNe 11
and SESNe and for oxygen abundances in the D16 index
between SNe II and Ic.

— Within SESNe, SNe Ic show higher median SFR, He EW,
and oxygen abundance than SNe Ib, although no statistically
significant difference between the distributions is found. This
could suggests that SNe Ic are produced by higher mass and
more metal rich progenitors than SNe Ib.

— The environments of SNe IIb have similar median He EW
and SFR to SNe Ib SNe, and similar oxygen abundance
medians to SNe Ic.

— The properties of SNe Ic are consistent with higher mass and
higher metallicity progenitors, while SNe Ib might be con-
nected to lower mass and lower metallicity populations. SNe
IIb are consistent with relatively lower mass progenitors in
higher metallicity environments, but a mixture of single stars
and binary systems might be possible.

— SNe IIn have similar distributions to SNe II, suggesting that
they occur in environments with similar physical properties.
SNe Ibn have a median oxygen abundance similar to SNe IIb
and Ic, and XSFR similar to SNe IIn.

— The distributions of host-galaxy extinctions are very similar
for the different CCSN types, suggesting that different CCSN
types suffer from similar degrees of host extinction.

— For SNe II, a correlation was found between the postmaxi-
mum decline rate in B and r bands to Hoe EW, with faster-
declining events happening in environments with lower Ha
EW. However only a few points are used in this analysis. No
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further correlation of LC properties of SNe II to their envi-

icator (right).

ronments was found.

synthesized *°Ni.

Although some contrasts to previous results are found in this
work, this represents the most homogeneous sample of CCSN
host galaxies to date. The low number statistics in our sample
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For SESNe, weak correlations are found between B-band
peak magnitude and Am;s to He EW and XSFR. Brighter
events seem to occur in environments with lower Hoe EW and
Y¥SFR, and SESNe with higher Am s are connected to higher
Ha EW and ZSFR. The BVr peak luminosity of SESNe
is also weakly correlated to the oxygen abundance at their
environments, with brighter events happening in locations
with less oxygen content. This suggests an intrinsic relation
between the metal content, the star formation intensity, and
stellar age at the environments of SESNe and the amount of

(specially for SESNe) might also have contributed to such dif-
ferences. We aim to complement this analysis with new obser-
vations of SESN and SNe IIn/Ibn host galaxies obtained with
MUSE, which will give more statistical significance to the study
of the environments of these events.

As a legacy of this work, all the resultant physical parameter
maps derived for the analyzed galaxies are available online!® or
under request to the corresponding author.

Following the results presented here, the Paper II will present
a global analysis and characterization of all star-forming regions
within the CCSN host galaxies within our sample. Comparing
SN host HII region environment properties to all other HII
regions within their galaxies — and indeed the full sample of
galaxies — one can ask whether different SN types prefer to

10 https://sites.google.com/view/theamusingasassnsample
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explode from, for example, lower or higher metallicity star form-
ing regions. As a future work, we aim to use the data and phys-
ical quantities derived here to estimate the relative rates of the
different CCSN types as a function of their environment prop-
erties, which will help in constraining the mass ranges of their
progenitor stars.
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Appendix A: BPT analysis

Figure A.1 shows a BPT diagram of all H1I regions (blue cir-
cles) extracted from the galaxies in our sample. The dashed
line marks the active galactic nucleus (AGN) ionization region
defined by Kewley et al. (2001) while the solid line shows the
composite region limit defined by Kauffmann et al. (2003). The
orange circles in Figure A.1 show the position of the CCSNe in
our sample and the green circles mark the SNe that fall above the
composite region line: ASASSN-14ha (NGC 1566), SN 2014eh
(NGC6907), and SN 2016bev (ESO 560-G013). Since we are
interested in the properties of regions that are ionized only
by star formation, we exclude these three SNe of our analy-
sis as they might be contaminated by other ionizing sources. In
Paper II we will present an analysis of all HII regions in detail,
and compare the SN host H IT regions to all the other star-forming
regions within their galaxies.

Kewley+01 °
21 —— Kauffmann+03

log10(Olll/HB)

-2.0 -1.5 -1.0 -0.5

log10(NII/Ha)

0.0 0.5

Fig. A.1. BPT diagram of the H1I regions in our sample. The blue cir-
cles show all the H1I regions, while the orange circles mark the position
of the H1I regions associated to the CCSNe. The green circles show
the SNe that are above the composite region (solid line) defined by
Kauffmann et al. (2003). We also show the AGN ionization region as
the dashed line, as defined by Kewley et al. (2001).

Appendix B: Parameter tests

We tested IFUANAL in three galaxies in order to estimate
how the selected HI segmentation parameters could affect
the final result for the physical parameters. The galaxies
(ESO 381-1G048/ASASSN-15bb, NGC 0988/SN 2017gmr, and
NGC2466/ASASSN-14dd) were selected to be representative
of the full sample: one galaxy with a small projected size; one
nearby spiral galaxy; and one spiral galaxy with a large projected
size. We performed five runs of the code for each galaxy, vary-
ing the maximum bin radius, the minimum He flux threshold to
define the seed peaks, and the maximum flux threshold to where
the region will expand. We compare the extracted results for all
the selected bins in each galaxy in Figure B.1, where we show
the normalized cumulative distributions for He flux and EW, the
oxygen abundance given by the D16 indicator, and the estimated
host extinction.

Table B.1 lists the different sets of parameters used for the
tests. Sets 1 and 2 have fixed values for the minimum and max-
imum He flux thresholds, relative to the standard deviation of
the He flux in a empty region of the cube, while the maxi-
mum radii are set to 6 or 10 pixels, respectively. The sets 3
and 4 have a maximum radius of 6 pixels, while the maximum
He flux threshold varies between 80 and 120, respectively, and
the minimum He flux threshold varies between 1.50" and 4.5,
respectively. We also used the H 11 region segmentation obtained
through PYHII EXTRACTOR (Lugo-Aranda et al. 2022), which
allows the bin regions to expand with no predefined maximum
radius or threshold in the flux. We show the results from this
segmentation as the set of parameters 5 in Figure B.1, and report
them as varying parameters in Table B.1.

Figure B.1 shows the cumulative distributions for Ha flux.
The galaxy ESO 381-1G048 presents the largest scatter between
the distributions, with the set of parameters 3 showing the lowest
median. This is also true for the oxygen abundance and the Ha
EW, shown in the second and third panels, respectively. Low-
ering the He flux thresholds includes more pixels with lower
values of Ha flux, EW, and oxygen abundance. The results for
NGC 0988 and NGC 2466, on the other hand, do not show sig-
nificant differences between the distinct tests. These tests show
that the input parameters in IFUANAL might have a larger effect
on the final analysis in smaller galaxies, where less H I regions
are selected. This should be taken as a caveat for the analyses
presented in this work and for the conclusions taken from them.

We set an intermediate minimum threshold of 10 times the
standard deviation of the Her flux in a background region of the
datacube, and a limiting threshold of three times the standard
deviation of the Ha flux to where the region can expand. Given
our results, varying these parameters around the chosen values
do not produce significant differences in the output for the major-
ity of the galaxies.

Table B.1. IFUANAL parameters used in the tests.

Set R, [px] Fg, «,min [xo] Fy a,max [xo]
1 6 3 10
2 12 3 10
3 6 1.5 8
4 6 4.5 12
5 Var. Var. Var.
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ASASSN-15bb
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Fig. B.1. Cumulative distributions for the different tests with the objects ESO 381-1G048/ASASSN-15bb (top), NGC 0988/SN 2017gmr (middle),

and NGC 2466/ASASSN-14dd (bottom). The tests were run using the parameters described in B.1.
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Appendix C: Metallicity gradients

ASASSN-16ba (MCG-03-25-015)

0.900 0.905 0.910 0.915 0.920

0
“ - \p: 8.4 1} 85 #r + 8.5
100 ** .-‘. ’ : %ﬁ\ h} 8.4 #5'( 4 8.4 h'i ) + +
. «® - .-. .‘ 8.2 s l A |lj +# i - ¢ $ ++* ﬁ ++
fl gt | R gL (g N T
200 oo '0* -:Q - 8.0 ﬁ Il J* 8.2 #ﬂ | . + - o ot '{f‘rﬂ t
250 .: ';: ‘: yl +ﬁ TI[’ + N +¢* * : b ‘*‘ *
7.8 : 8.1 °
300 2 ¢ °
0 100 200 300 0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
pixels dproj [kpe] dproj [kpe] dproj [kpe]

Fig. C.1. Oxygen abundances fit for ASASSN-16ba, hosted by MCG-03-25-015. The same method was applied for all the SNe where the extracted
spectrum at their position has a SNR of < 3. The Left panel shows the spatial distribution in pixels of the HII regions extracted in the galaxy,
where the color gradient indicates the oxygen abundance given by the D16 index. The spatial coordinates of the SN in relation to the H1I regions
is given by the red star. The other three panels show, respectively from left to right, the resulting fit to the oxygen abundance gradient in the D16,

N2, and O3N2 indexes. The resulting value for the SN is given by the red
for each H 11 region.

In Figure C.1 we show an example of the oxygen abun-
dance gradient fit for ASASSN-16ba (hosted by MCG-03-
25-015). The same method was applied for all the SNe
where the nearest HII region was at a projected distance
greater than 1 x 103 pc: ASASSN-15jp, SN2018yo, ASASSN-
170j, SN2017gbv, ASASSN-16ba, ASASSN-16al, LSQ15xp,
SN2015W, and ASASSN-18ou. A straight line is fit to all the
oxygen abundances obtained from the H1I regions. The line fit-
ting is weighted by the measured uncertainties from the oxy-
gen abundance measurements. We note that systematic uncer-
tainties from each index could input a larger error in the gradient
fittings. We use pixel deprojected distances from the center of
the galaxy following the method from Hakobyan et al. (2009).
Values of position angle (PA) and inclination angle (i) of each

star. The x-axis show the deprojected distance from the nucleus in kpc

galaxy are taken from HYPERLEDA (Makarov et al. 2014). The
resulting oxygen abundances in the D16, N2 and O3N2 indexes
are reported in Table D.2.

Appendix D: Measured fluxes and physical
parameters

In Table D.1, we report the measured fluxes of He, Hp,
[OmT]A5007, [N11]16584, and [S11]A6716 for the HII region
related to each SN. The individual line fluxes were corrected
for Galactic, and host galaxy reddening. Table D.2 reports the
resulting Ho EW, oxygen abundances, XSFR, and host galaxy
extinction for the HII region related to each SN.

Table D.1. Measured fluxes of different emission lines at the neares H1I region to each SN.

SN Name Ha Hp [O 1] 45007 [N 11]16584 [S11]16716
SN2018eog 19.92 (1.12) 6.97 (2.02) 3.80 (1.34) 4.58 (1.05) 5.73 (0.90)
SN2018ant 61.91 (3.94) 11.90 (24.92) 12.46 (7.27) 17.76 (3.58) 17.35 (3.25)
ASASSN-180a 189.38 (3.61) 66.22 (5.17) 45.88 (4.45) 57.99 (2.66) 46.54 (2.31)
SN2018bl 382.70 (5.33) 133.82 (6.65) 89.50 (5.41) 98.01 (3.10) 70.51 (3.34)
SN2018evy 2398.58 (24.23)  838.73 (35.76) 157.37 (25.65) 941.54 (16.49) 348.78 (12.82)
SN2018cho 140.11 (2.43) 48.99 (6.81) 19.77 (6.65) 61.52 (2.10) 27.41 (1.62)
SN2018ie 629.83 (5.17) 220.18 (6.65) 150.08 (5.14) 164.01 (2.83) 111.36 (2.39)
SN2018yo - - 35.18 (4.04) 42.77 (2.60) 33.53 (2.10)
Notes. The entire table is available at the CDS. Flux units are given in 1077 ergs™' cm™2 A",
Table D.2. Physical properties of the HII region related to each SN.
SN Name Ha EW D16 N2 O3N2 ~SFR EB-V)
A) (12 +1og(O/H)) (12 +1og(O/H)) (12 +1og(O/H))  (log My yr~' kpc2) (mag)
SN2018eog 3.45 (0.26) 8.28 (0.12) 8.45 (0.05) - -3.68 (-0.00) -
SN2018ant 8.94 (0.75) 8.37 (0.11) 8.49 (0.04) - -2.90 (-0.02) -
ASASSN-180a  27.22(0.79) 8.49 (0.03) 8.51 (0.01) 8.46 (0.01) -2.34 (-0.05) 0.16 (0.07)
SN2018bl 171.54 (5.87) 8.54 (0.02) 8.47 (0.01) 8.44 (0.01) -1.47 (-0.52) 0.24 (0.05)
SN2018evy 108.29 (3.37) 8.86 (0.01) 8.56 (0.00) 8.60 (0.02) -1.22 (-1.09) 0.44 (0.04)
SN2018cho 17.32 (0.52) 8.79 (0.02) 8.58 (0.01) - -1.90 (-0.15) 0.27 (0.13)
SN2018ie 342.46 (19.46) 8.56 (0.01) 8.47 (0.00) 8.44 (0.00) -1.15 (-1.35) 0.28 (0.03)
- 8.28 (0.03) 8.36 (0.05) 8.36 (0.05) - -

SN2018yo

Notes. The entire table is available at the CDS. Some CCSNe could not have their oxygen abundance in the O3N2 index and extinction estimated

due to the low SNR (< 3) of HB or [O 1IT]A5007 in their spectra.
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Appendix E: Statistics results, KS, and AD tests. the results for the KS and AD tests for oxygen abundance. The
KS and AD tests were performed through SCIPY (version 1.0
In Table E.1 we show the number of events, median, and aver- Virtanen et al. 2020). In Table E.4 The same is reported for
age values for each distribution used in the analysis for oxy- Ha EW in Tables E.4, E.5, and E.6, ZSFR in Tables E.7, E.8,
gen abundance. In Tables E.2 and E.3 we report, respectively, and E.9, and for E(B — V), in Tables E.10, E.11, and E.12.

Table E.1. Oxygen abundance statistics.

SN Type D16 N D16 Median D16 Average O3N2N O3N2 Median O3N2 Average N2 N N2 Median N2 Average

I 78 8.28(0.41) 8.31(0.33) 78 8.34 (0.45) 8.34 (0.36) 78  8.41(0.41) 8.38(0.33)

IIn 9 8.35(1.19) 8.30(0.95) 9 8.39 (1.29) 8.39 (1.03) 9 838(1.21) 8.41(0.96)
Ic 6 8.55(1.46) 8.50(1.16) 6 8.44 (1.62) 8.40 (1.29) 6 8.49 (1.47) 8.45 (1.18)
Ib 7 8.43(1.39) 8.39(1.11) 7 8.22 (1.62) 8.29 (1.29) 7  8.46(1.38) 8.38(1.10)
1Ib 7 8.68 (1.36) 8.43(1.09) 7 8.40 (1.48) 8.37 (1.18) 7 8.50(1.37) 8.42(1.09)
Ibn 3 8.57 (2.10)  8.43 (1.67) 3 8.43 (2.10) 8.43 (1.68) 3 8.47(2.10) 8.48(1.68)
11 78 8.28 (0.41) 8.31(0.33) 78 8.34 (0.45) 8.34 (0.36) 78 8.41(0.41) 8.38(0.33)
IIn/Ibn 9 8.32(1.04) 8.30(0.83) 9 8.39 (1.10) 8.39 (0.87) 9  8.44(1.05) 8.43(0.84)
SESNe 6 8.55(0.80)  8.50(0.64) 6 8.44 (0.88) 8.40 (0.70) 6  8.49(0.80) 8.42(0.64)
Table E.2. Oxygen abundance KS values.
KS test D16 D-value D16 p-value  O3N2 D-value  O3N2 p-value N2 D-value N2 p-value
I x [In 0.34 0.32 0.21 0.80 0.34 0.32
IIxIc 0.46 0.21 0.38 0.31 0.46 0.21
IxIb 0.40 0.35 0.18 0.95 0.40 0.35
11 x IIb 0.33 0.50 0.29 0.56 0.33 0.50
I x Ibn 0.61 0.15 0.55 0.25 0.61 0.15
IIn x Ic 0.42 0.50 0.39 0.56 0.42 0.50
IIn x Ib 0.47 0.40 0.32 0.71 0.47 0.40
IIn x ITb 0.38 0.64 0.24 0.92 0.38 0.64
IIn x Ibn 0.50 0.56 0.56 0.45 0.50 0.56
IcxIb 0.40 0.87 0.26 0.93 0.40 0.87
Ic x IIb 0.33 0.82 0.26 0.93 0.33 0.82
Ic x Ibn 0.27 1.00 0.17 1.00 0.27 1.00
Ib x IIb 0.50 0.36 0.29 0.96 0.50 0.36
Ib x Ibn 0.60 0.46 0.43 0.70 0.60 0.46
IIb x Ibn 0.50 0.68 0.43 0.70 0.50 0.68
1I x IIn/Ibn 0.38 0.10 0.26 0.44 0.38 0.10
II x SESNe 0.24 0.33 0.22 0.36 0.24 0.33
IIn/Ibn x SESNe 0.32 0.33 0.20 0.85 0.32 0.39
Table E.3. Oxygen abundance AD values.
AD test D16 Statistic D16 Significance ~ O3N2 Statistic ~ O3N2 Significance ~ N2 Statistic ~ N2 Significance
11 x IIn -1.10 0.25 -0.91 0.25 -0.26 0.25
IIxIc 1.24 0.10 -0.27 0.25 -0.04 0.25
I x Ib -0.56 0.25 -1.07 0.25 -0.15 0.25
1I x IIb -0.28 0.25 -0.47 0.25 -0.67 0.25
1 x Ibn -0.43 0.25 -0.15 0.25 0.24 0.25
IIn x Ic 0.71 0.17 -0.59 0.25 -0.65 0.25
IIn x Ib -0.64 0.25 -0.81 0.25 -0.05 0.25
IIn x IIb -0.59 0.25 -0.92 0.25 -0.55 0.25
IIn x Ibn -0.67 0.25 -0.40 0.25 -0.54 0.25
IcxIb -0.01 0.25 -1.06 0.25 0.11 0.25
Ic x IIb -0.89 0.25 -1.06 0.25 -0.39 0.25
Ic x Ibn -1.04 0.25 -1.32 0.25 -1.39 0.25
Ib x IIb -0.57 0.25 -1.01 0.25 0.25 0.25
Ib x Ibn -1.02 0.25 -0.90 0.25 -0.00 0.25
1Ib x Ibn -0.32 0.25 -0.77 0.25 -0.35 0.25
1I x IIn/Ibn -1.04 0.25 -0.37 0.25 0.54 0.20
1I x SESNe 1.39 0.09 0.13 0.25 -0.17 0.25
IIn/Ibn x SESNe -0.18 0.25 -0.67 0.25 -0.40 0.25
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SN Type N Median (A) Average (A)
11 61  62.32(1.75) 80.55 (1.40)
IIn 8 63.76 (8.63)  155.24 (6.88)
Ic 6 220.80(8.93) 199.77 (7.12)
Ib 6 87.27(11.82) 280.30 (9.43)
IIb 6 139.80(8.56) 176.73 (6.83)
Ibn 3 4494 (11.43) 103.07 (9.12)
11 61  62.32(1.75) 80.55 (1.40)
IIn/Ibn 11 50.28 (6.77) 141.01 (5.40)
SESNe 19 109.04 (5.67) 211.86 (4.53)

Table E.5. Ho EW KS values.

KS test D-value p-value
II x IIn 0.36 0.25
IxIc 0.48 0.11
IxIb 0.32 0.54
II x IIb 0.43 0.19
I x Ibn 0.32 0.84
IInx Ic 0.38 0.64
IIn x Ib 0.38 0.64
IIn x IIb 0.33 0.78
IIn x Ibn 0.38 0.84
IcxIb 0.33 0.93
Ic x IIb 0.33 0.93
Ic x Ibn 0.50 0.68
Ib x ITIb 0.33 0.93
Ib x Ibn 0.50 0.68
IIb x Ibn 0.50 0.68
II x IIn/Ibn 0.33 0.21
IT x SESNe 0.36 0.04
IIn/Ibn x SESNe 0.33 0.33
Table E.6. He EW AD values.
AD test Statistic ~ Significance
II x IIn 0.74 0.16
IIxIc 2.45 0.03
IxIb 0.95 0.13
II x IIb 2.05 0.05
I x Tbn -0.38 0.25
IInxIc -0.44 0.25
IIn x Ib -0.19 0.25
IIn x IIb -0.62 0.25
IIn x Ibn -0.95 0.25
Icx1Ib -0.23 0.25
Ic x IIb -0.92 0.25
Ic x Ibn -0.17 0.25
Ib x IIb -0.94 0.25
Ib x Ibn -0.19 0.25
IIb x Ibn -0.40 0.25
11 x IIn/Ibn 0.43 0.22
IT x SESNe 4.48 0.0054
IIn/Ibn x SESNe 0.67 0.17

Table E.7. 2SFR statistics.

SN Type N Median Average
(Moyr'kpe™®) (Mo yr " kpe™)
1I 61 -1.87 (0.11) -1.87 (0.09)
IIn 8 -2.13(0.17) -1.83 (0.14)
Ic 6 -1.11 (0.50) -1.51 (0.40)
Ib 6 -1.50 (0.30) -1.31 (0.24)
1Ib 6 -1.44 (0.57) -1.56 (0.45)
Ibn 3 -1.97 (1.02) -1.99 (0.81)
1I 61 -1.87 (0.11) -1.87 (0.09)
IIn/Ibn 11 -2.03 (0.15) -1.87 (0.12)
SESNe 19 -1.27 (0.23) -1.48 (0.18)
Table E.8. XSFR KS values.
KS test D-value p-value
II x IIn 0.22 0.83
IIxIc 0.49 0.11
IIxIb 0.29 0.64
II x IIb 0.27 0.72
II x Ibn 0.57 0.21
IInx Ic 0.54 0.19
IIn x Ib 0.46 0.38
IIn x IIb 0.33 0.78
IIn x Ibn 0.50 0.56
Icx1Ib 0.33 0.93
Ic x IIb 0.33 0.93
Ic x Ibn 0.67 0.33
Ib x IIb 0.33 0.93
Ib x Ibn 0.83 0.10
IIb x Ibn 0.67 0.33
II x IIn/Ibn 0.30 0.30
II x SESNe 0.26 0.22
IIn/Ibn x SESNe 0.46 0.07
Table E.9. XSFR AD values.
AD test Statistic ~ Significance
II x IIn -0.73 0.25
IIxIc 0.58 0.19
IIxIb 0.23 0.25
II x IIb -0.45 0.25
II x Ibn 0.21 0.25
IIn x Ic -0.03 0.25
IIn x Ib -0.03 0.25
IIn x IIb -0.65 0.25
IIn x Ibn -0.32 0.25
IcxIb -0.59 0.25
Ic x IIb -0.23 0.25
Ic x Ibn 0.21 0.25
Ib x IIb -0.91 0.25
Ib x Ibn 1.26 0.10
IIb x Ibn 0.21 0.25
II x IIn/Ibn -0.39 0.25
II x SESNe 1.11 0.11
IIn/Ibn x SESNe 1.00 0.13
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Table E.10. Extinction statistics. Appendix F: The SLSN 2015bn
i The SN 2015bn is a well studied Type I superluminous super-
SNType N Median Average nova (SLSN), located at a redshift ~ 0.1136 and is one of the
(mag) (mag) closest events of this type (Nicholl et al. 2016, 2018). Since SN
11 47 0.23(0.10) 0.23 (0.08) 2015bn is part of the ASAS-SN catalog (Holoien et al. 2017b)
IIn 7 0.25(0.24) 0.23(0.19) and is the only SLSN event in the sample, we make a brief
Ic 6 0.20(0.39) 0.31(0.31) analysis of its environment in this section for a comparison
Ib 6 0.20(0.35) 0.26(0.28) with the other SN types described in this work. The transient
IIb 5 032(0.32) 0.32(0.26) was observed with the MUSE instrument on 2016 January 17,
Ibn 1 0.27(0.65) 0.27(0.52) ~ 390 days after discovery and ~ 296 days after reaching peak

I 47 0.23(0.10) 0.23 (0.08) brightness (see left panel of Fig. F.1).
IIn/Ibn 8 0.26(0.22) 0.23(0.18) We extracted the spectrum of SN 2015bn in a circular region
SESNe 18 0.22(0.21) 0.30(0.16) with a 6 pixel radius centered at the SN coordinates, and show it

in the right panel of Figure F.1. The spectrum is dominated by
emission from the SN, but a few emission lines originating from

Table E.11. Extinction KS values. the underlying HII region can be identified, such as Ha, H,
O[iii]15007, and N[ii]16584. We fit these lines using a Gaussian

KS test D-value  p-value model with a local continuum and estimate the physical param-

eters using the methods described in Section 3.

I x ln 0.28 0.64 We measured an integrated flux for He of 5.96 + 0.05 x
ﬁ i hc) 8;; 833 107 ergs™! cm™ {\", a luminosity of 2.42+0.12x 108 ergs~!,
10 x IIb 0:34 0:54 and an EW ~ 110 A. We note that the EW value in this case is a
11 x Ibn 0.64 029 lower limit, as the SN elevates the c'on'tmuum level of the spec-
In x Ic 033 078 trum. Th; Ve}lue.for the Hq EWwW is similar to the mefilan for the
In x Ib 026 093 SESNe dlStl’lbu.tIOI.l, agd shghtly hlgherithan the. mgdlan for most
In x IIb 0: 40 0: 64 of thq CCSN distributions. This value is also similar to the dis-
In x Ibn 0.57 0.56 tribution of Hoe EW of SLSNe-I found by Leloudas et al. (2015).
Ic x Ib 017 1.00 We use the mgasured fluxes of Ha, HB, [O 1] 25007, and
Ie x IIb 0' 43 0' 59 [N 11]1658{1 to estimate the oxygen abundance through the N2
Ic x Ibn 0.67 0’43 and OSNZ indicators. We find 12 + log(O/H) = 8.25+0.12 dex for
Ib x IIb 0'43 0'59 Fhe N2 index, and 12 +1og(O/H) =8.20 + 0.19.de.x for the O3N2
Ib x Ibn 0:83 0:21 index. The values found for SN 2015bn are similar to the oxy-
IIb x Ibn 0.60 057 gen abundance of the H-ppor SLSN re‘por.ted by Leloudas et al.
11 x IIn/Tbn 0.28 0' 53 (2015), and to the values in these two indicators of the environ-
I x SESNe 0:1 4 0:93 ment around PTF12dam (12 + log(O/H) ~ 8.00 dex, Thone et al.

IIn/Ibn x SESNe 028 0.69 2015). Qur r(f,sults agree with the occurrence of these types of
events in regions with a lower abundance of oxygen, a strong
indication of the preference of H-poor SLSN for metal-poorer

Table E.12. Extinction AD values. environments.
AD test Statistic ~ Significance
II x IIn -0.61 0.25
IIxIc -0.79 0.25
IIxIb -0.81 0.25
I x IIb 0.07 0.25
II x Ibn nan nan
IIn x Ic -0.60 0.25
IInx Ib -0.93 0.25
IIn x IIb -0.32 0.25
IIn x Ibn nan nan
IcxIb -1.11 0.25
Ic x IIb -0.45 0.25
Ic x Ibn nan nan
Ib x IIb -0.71 0.25
Ib x Ibn nan nan
IIb x Ibn nan nan
11 x IIn/Ibn -0.41 0.25
II x SESNe -0.58 0.25
IIn/Ibn x SESNe -0.66 0.25
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Fig. F.1. Spectrum fitting for the SLSN 2015bn. Left panel: position of SN 2015bn in the MUSE image of the observed field. Right panel: extracted
spectrum for SN 2015bn, where the broad emission lines of the SN are still clearly present. Emission lines of He, HB, O[III]45007, and N[II]16583

belonging to the underlying H1I region can be identified.

Appendix G: Photometry and light curve
parameters

In Tables G.1, G.2, and G.3 we present the LC derived param-
eters for the SNe II, SESNe, and SNe IIn, respectively. In most
events, the BVr photometry was retrieved from the ASAS-SN
archive (for a in depth discussion on ASASSN photometry, see
Kochanek et al. 2017), but in some cases data was obtained from
the literature, such as for ASASSN-14jb (Meza et al. 2019b), SN
2014cy, SN 2014dw, SN 2015W (Valenti et al. 2016), and SN
2017gmr (Andrews et al. 2021). A second order polynomial was
used for fit the peak time and the magnitude at peak luminos-

Table G.1. LC parameters of the SNe II.

ity, as it is shown in Figure G.1 for the SN II ASASSN-14jb.
The absolute magnitude is corrected by Galactic extinction. For
SNe II, a linear fitting between peak and 30 days after was used
to obtain the postmaximum decline rate. For SESNe the second
order fit was used to obtain the Am;s values.

The relation between the LC parameters and the physical
parameters derived at the SN position are shown in Figures 9, 10,
and 11. The straight dashed lines represent linear fits obtained
from the scatter of the values in each photometric band. Pear-
son correlation tests are performed through SciPy to obtain the
significance from each possible correlation.

SN \% B r

M, (mag) s (mag/days)  Mpeq (mag) s (mag/days)  Mpeq (mag) s (mag/days)
SN2018eog -16.88 (0.06) - - - -
SN2018cho -17.56 (0.14) - - - -
SN2018yo -17.06 (0.09) - - - -
AT2018cuf -16.52 (0.12) - - - -
ASASSN-18e0 -18.83 (0.08) 0.0201 (0.0053) - - -
ASASSN-18cb  -16.72 (0.07)  0.0075 (0.0032) - - -
SN2017jbj -16.55 (0.45) - - - -
SN2017grn -17.57 (0.09) - - - -
Gaial7chn -18.28 (0.10) - - - - -
SN2017gmr -17.47 (0.03)  0.0042 (0.0007) -17.30(0.04) 0.0239 (0.0016) -17.70 (0.03) 0.0025 (0.0007)
SN2017fem -17.12 (0.27) - - - - -
SN2017faf -19.01 (0.27) - - - -

-18.84 (0.08)  0.0205 (0.0041) - - -

ATLAS17hpc

Notes. The entire table is available at the CDS.

Table G.2. LC parameters of the SESNe.

SN \% B r

Mpeak (mag) A}’nlS (mag) Mpeak (mag) A”nlS (mag) Mpeak (mag) A’/7115 (mag)
SN2018ie -17.72 (0.07)  1.58 (0.34) -17.02(0.13)  2.09 (0.23) -17.92(0.07) 1.26 (0.32)
SN2018dfg -16.81 (0.10) - - - - -
SN2017gax -18.24 (0.09) 0.41(0.15) -17.69(0.08) 1.08 (0.22) -17.94(0.06) 1.02 (0.16)
SN2017gat -18.64 (0.07)  0.72(0.13) -17.92(0.09) 0.64 (0.21) -18.80(0.05) 0.54 (0.13)
ASASSN-14az  -17.89 (0.06)  1.25(0.12) - - - -
SN2016gkg -16.86 (0.06)  1.15(0.20) -14.93(0.09) 0.53(0.25) -16.72(0.08) 0.92 (0.14)
PSNJ1828582  -16.90 (0.44) - - - - -
ASASSN-15tu -17.65 (0.19) - - - - -
ASASSN-15ta  -18.62 (0.04) - - - - -
ASASSN-15bd  -17.03 (0.10)  0.79 (0.36) - - - -
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ASASSN-14jb Table G.3. LC parameters of the SNe IIn.
15.95 I l I I I I

SN \'% B r
§ 16.00¢ + | Mpeak (mag) Mpeak (mag) Mpeak (mag)
< 1605} + + ASASSN-180a -18.33 (0.03) - -
g ATLAS17lsn  -20.59 (0.03) - -20.69 (0.03)
#= 16.10F 1 ASASSN-16jt  -18.68 (0.04) -18.60 (0.04) -18.57 (0.04)
g .| ASASSN-16in -18.16 (0.03) -18.08 (0.11) -18.18 (0.04)
§ ’ SN2016aiy -17.47 (0.04) -17.29 (0.04) -17.60 (0.03)
T 16200 ] ASASSN-15hs -16.74 (0.03) - -
IS ASASSN-15ab -19.35 (0.03) - -
 16.25f “__+ 1 ASASSN-151x -17.39 (0.12) - -

16.30

56960 56965 56970 56975 56980 56985 56990 56995 57000
M)D

Fig. G.1. Example of a second order polynomial fitting in r-band for

ASASSN-14jb. The y-axis shows the apparent magnitude and x-axis
gives the phase as modified Julian date (MJD).
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