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ABSTRACT

Type IIn supernovae occur when stellar explosions are surrounded by dense hydrogen-rich circumstellar matter. The dense circum-
stellar matter is likely formed by extreme mass loss from their progenitors shortly before they explode. The nature of Type IIn
supernova progenitors and the mass-loss mechanism forming the dense circumstellar matter are still unknown. In this work, we
investigate whether Type IIn supernova properties and their local environments are correlated. We use Type IIn supernovae with well-
observed light curves and host-galaxy integral field spectroscopic data so that we can estimate both supernova and environmental
properties. We find that Type IIn supernovae with a higher peak luminosity tend to occur in environments with lower metallicity
and/or younger stellar populations. The circumstellar matter density around Type IIn supernovae is not significantly correlated with
metallicity, so the mass-loss mechanism forming the dense circumstellar matter around Type IIn supernovae might be insensitive to

metallicity.
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1. Introduction

Type IIn supernovae (SNe IIn) occur when stars explode within a
dense hydrogen-rich circumstellar matter (CSM; Schlegel 1990;
Filippenko 1997). The dense CSM is created by strong mass
loss from the progenitors with typical mass-loss rate estimates
of more than 107 Mg yr~! (e.g., Kiewe et al. 2012; Taddia et al.
2013; Moriya et al. 2014; Ofek et al. 2014a). These mass-loss
rates are much higher than those measured for typical stars (e.g.,
Smith 2014), and the progenitors and mass-loss mechanisms of
SNe IIn are still not well understood. It is suggested that the high
mass-loss rates are similar to those of massive (325 Mg) lumi-
nous blue variable stars (LBVs; e.g., Weis & Bomans 2020). The
progenitor of the Type IIn SN 2005¢] is indeed consistent with
a massive LBV (Gal-Yam & Leonard 2009). On the other hand,
the progenitor of the Type IIn SN 2008S had a relatively low

mass (=10 My; Prieto et al. 2008). These two SN IIn progeni-
tors suggest that the progenitors and mass-loss mechanisms of
SNe IIn are diverse. In addition, SNe Ia are sometimes hidden
below dense hydrogen-rich CSM and are observed as SNe IIn
(SN Ia-CSM,; e.g., Sharma et al. 2023).

The local environments in which SNe explode provide rich
information about their progenitors (e.g., Pessi et al. 2023a,b;
see Anderson et al. 2015 for a review). For example, SNe II and
Ibc but not SNe Ia preferentially occur in star-forming envi-
ronments, which indicates that SNe II and Ibc are associated
with massive star explosions (e.g., Li et al. 2011; Galbany et al.
2014). There have been several studies of the local environ-
ments of SNe IIn. Habergham et al. (2014) found that their
locations are not necessarily associated with the most actively
star-forming regions in their host galaxies, and some may not
be associated with very massive progenitors. A later study by
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Table 1. SN IIn sample and its properties.

Name Redshift Distance modulus Rise time Peak mag. A, Mass-loss rate®  Reference
(mag) (days) (mag) (Mo yr™")
SN 1997bs 0.00145 29.7© 11.0 -13.0 2200 22x1073 (1)
SN 1998S 0.00298 30.9@ 18.1 -15.9 5800 5.8x1073 2)
SN 2005cl 0.0258 34.7@ 26.6 -18.1 12 000 1.2x1072 3)
SN 2005db 0.0151 33.8@ 25.1 -16.9 9100 9.1x1073 3)
SN 2005kd 0.0150 34.3@ 20.7 -20.3 15000 1.5x 1072 “)
SN 2007cm 0.0160 3450 17.8 -17.7 8200 8.2x 1073 G))
SN 2008B 0.0188 33.3@ 15.3 -17.0 6300 6.3x1073 (G))
SN 2015Z 0.0289 3550 23.0 -18.3 11000 1.1x1072 5)
ASASSN-15ab  0.0178 34.5® 14.2 -19.2 9300 9.3x1073 (6)
SN 2016bdu 0.0170 34.4® 11.5 —-18.1 6200 6.2x 1073 @)
SN 2016iaf 0.0619 37.3M 47.3 -20.1 22000 22 %1072 (8)
ASASSN-16bw  0.0100 33.3® 18.9 -17.8 8800 8.8x 1073 9
ASASSN-16in 0.0161 343 22.6 —-18.1 11000 1.1 x1072 (10)
ASASSN-16;jt 0.0108 33.2M 13.2 -18.4 8500 8.5x 1073 (11
SN 2017bzm 0.0452 36.6™ 21.5 -19.2 13000 1.3x 1072 (12)
SN 2017cin 0.0328 35.9® 21.0 -18.2 10000 1.0x 1072 (13)
SN 2017fav 0.0456 36.6™ 8.0 -18.4 5000 50x1073 (14)
SN 2017ggv 0.0264 35.4® 24.0 -18.4 12000 1.2x1072 (15)
SN 2017ghw 0.0762 37.7® 48.8 -18.9 23000 23x1072 (16)
SN 2017hce 0.0169 34.4® 59.5 -20.6 38000 3.8x 1072 a7
SN 2021fpn 0.0424 36.4™ 48.4 -17.8 18 000 1.8 x 1072 (18)

Notes. “Host galaxy extinction is not taken into account. ¥ A wind velocity of 100km s~ is assumed. ©Willick & Batra (2001). ”Sorce et al.
(2014). ©¥Springob et al. (2014). V' Theureau et al. (2007). @Tully et al. (2013). DM from redshift.

References. (1) Van Dyk et al. (2000), (2) Poonetal. (2011), (3) Kiewe etal. (2012), (4) Hicken etal. (2017), (5) Nyholm et al. (2020),
(6) Dong et al. (2015), Shappee et al. (2015), (7) Pastorello et al. (2018), (8) Tonry et al. (2016), Takats et al. (2016), (9) Brimacombe et al.
(2016c¢), Elias-Rosa et al. (2016), (10) Brimacombe et al. (2016a), Reynolds et al. (2016), (11) Brimacombe et al. (2016b), Brown et al. (2016),
(12) Tonry et al. (2017a), Barbarino et al. (2017), (13) Tonry et al. (2017b), Onori et al. (2017), (14) Tonry et al. (2017c), Pan (2017), (15) Xu et al.
(2017), Lyman et al. (2017), (16) Moller et al. (2017), Lyman et al. (2017), (17) Kumar et al. (2019), Smith & Andrews (2020), Chandra et al.

(2022), Moran et al. (2023), (18) Tonry et al. (2021), Pessi et al. (2021).

Ransome et al. (2022) found that 60% of SNe IIn originate from
actively star-forming regions and could be linked to very massive
progenitors, such as LBVs. The remaining 40% were not corre-
lated with ongoing star formation and could have relatively low-
mass progenitors (see also Kuncarayakti et al. 2018). Similarly,
Galbany et al. (2018) estimated the age distributions of SN IIn
progenitors based on spectra of their surroundings and found
that they may have a bimodal age distribution with one peak
at 0—20 Myr and the other at 100—-300 Myr. These studies sug-
gest that SN IIn progenitors are a mixture of massive (225 M,
like LBVs) and low-mass stars (=10 M, like the progenitor of
SN 2008S). Other local properties may also provide informa-
tion about their nature. For example, Taddia et al. (2015) investi-
gated the relation between the SN IIn progenitor mass-loss rates
and their local metallicity. They found that the progenitors of
SNe IIn may have higher mass-loss rates in higher-metallicity
environments.

In this work, we explore the environmental dependence of
the SN IIn properties by using SNe IIn with integral-field spec-
troscopy (IFS) of their host galaxies. The IFS data allow us to
estimate not only the metallicity, but also environmental param-
eters, such as the local star formation rates (SFRs). We intro-
duce our SN IIn samples in Sect. 2. We estimate the local
environmental parameters of the SN IIn explosion sites in Sect. 3
and estimate the SN IIn properties in Sect. 4. We investigate
possible correlations between the environmental and SN prop-
erties in Sect. 5 and discuss them in Sect. 6. We conclude this
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paper in Sect. 7. We adopt a ACDM cosmology with Hy =
68.3kms™! Mpc™!, Qu = 0.28, and Q, = 0.72 (Hinshaw et al.
2013).

2. Sample definition

We constructed our sample using all galaxies observed with
IFS from the PISCO, AMUSING, and MaNGA surveys to
host a Type IIn SN. The PMAS/PPak Integral field Super-
nova hosts COmpilation (PISCO; Galbany et al. 2018) is a
compilation of IFS observations of more than 400 SN host
galaxies obtained with the Potsdam Multi Aperture Specto-
graph (PMAS; Roth et al. 2005) on the 3.5 m telescope of the
Centro Astronomico Hispano-Aleman (CAHA) at the Calar Alto
Observatory. The observations were obtained in PPak mode
(Verheijen et al. 2004; Kelz et al. 2006). About one-third of the
objects were observed by the CALIFA survey (Sanchez et al.
2016). Each observation consists of a 3D datacube with a
100% covering factor within a hexagonal field of view (FoV)
of ~1.3 arcmin?, with 1" x 1" spatial pixels (spaxels) and a spec-
tral resolution of ~6 A over the wavelength range 3750-7300 A,
providing ~4000 spectra per object.

The All-weather MUse Supernova Integral-field of Nearby
Galaxies (AMUSING; Galbany et al. 2016a; Lopez-Coba et al.
2020; Galbany et al., in prep.) survey has been running for
11 semesters (P95-P106) and has compiled observations for
more than 800 nearby SN host galaxies with the Multi-Unit
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Spectroscopic Explorer (MUSE; Bacon et al. 2014), located at
the Nasmyth B focus of Yepun, the VLT UT4 telescope at Cerro
Paranal Observatory. MUSE is composed of 24 identical IFS.
Wide-field mode (WFM) samples a nearly contiguous 1 arcmin?
FoV with spaxels of 0.2 x 0.2arcsec, and over a wavelength
range of 4650-9300 A with a mean resolution of R ~ 3000.
Each 3D cube consists of ~100 000 spectra per pointing.

The Mapping Nearby Galaxies at APO (MaNGA;
Bundy et al. 2015) was part of Sloan Digital Sky Survey
(SDSS) IV (Blanton etal. 2017) and obtained IFS data of
~10000 nearby galaxies using 17 units of different hexagonal
FoVs ranging from 12 to 32 arcsec in diameter at the 2.5 m SDSS
telescope at the Apache Point Observatory in New Mexico. The
square spaxels are 0.5 arcsec across, with a spectral resolution
of R ~ 2000 over a wavelength range of 3600—10 000 A.

After a thorough search of these three datasets, we com-
piled an initial sample of 66 SN IIn host galaxies where the
SN location was within the FoV. Next, we performed a thor-
ough search for public light curves of the 66 SNe IIn in the
literature. For objects that exploded in 2016 or after, we also
used the ATLAS forced photometry service' to obtain light
curves (Tonry et al. 2018; Smith et al. 2020). For objects that
exploded in 2018 or later, we used the ZTF forced photome-
try service (Masci et al. 2019). Only 17 of the 24 SNe IIn with
publicly available data had light curves with a high enough qual-
ity and sampling during the rise for us to reliably determine
the peak magnitude and rise time from explosion (see Sect. 4).
In addition, we obtained light curves with good sampling from
the All-Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al. 2014; Kochanek et al. 2017) and follow-up obser-
vations with the Las Cumbres Observatory Global Telescope
network (LCOGT) for 4 additional SNe IIn (ASASSN-15ab,
ASASSN-16bw, ASASSN-16in, and ASASSN-16jt). The
LCOGT photometry was performed according to the procedures
described in Chen et al. (2022). The final 21 SNe IIn in our sam-
ple are listed in Table 1.

3. Local environments

The final sample of 21 SNe IIn is composed of 13 host galax-
ies observed with MUSE, 5 with PMAS, and 3 with MaNGA.
The synthetic r-band images created from the IFS cubes are dis-
played in Fig. A.1.

We followed a similar procedure for all three IFS instru-
ments. We extracted a rest-frame 2.7 arcsec diameter aperture
spectrum for each SN position, corresponding to the worst spa-
tial resolution in all the cubes. We analyzed the spectra as in
Galbany et al. (2014, 2016b). We fit single stellar population
(SSP) synthesis models to remove the underlying stellar con-
tinuum from the ionized gas-phase emission using STARLIGHT
(Cid Fernandes et al. 2005, 2009). STARLIGHT determines the
fractional contribution of different SSP models to the spectrum,
accounting for dust extinction as a foreground screen. We used
three parameters from the SSP fit: the stellar mass (M..), the aver-
age light-weighted stellar population age (f. ), and the extinc-
tion derived from the stellar component (Ay..).

The best-fit continuum model was then subtracted from each
observed spectrum to leave the ionized gas-phase emission.
Figure A.2 shows the aperture spectra, the best SSP fits, and their
resulting gas-phase emission line spectra for all 21 SN IIn envi-
ronments. We fit the emission lines needed to estimate oxygen
abundances using several different methods. This included fit-

I https://fallingstar-data.com/forcedphot/

ting Gaussian profiles to the Balmer Ha 16563 and HB 14861
lines and the [O 111] A5007, [N 1I] 216583, [S1I] A16716,31 lines.
The Ha and [N1II] lines were fit simultaneously with [N1I]
16548 as three Gaussian profiles with fixed positions and simi-
lar width, but free amplitudes. In seven cases of relatively recent
SNe (SN 2016bdu, SN 2016iaf, ASASSN-16bw, ASASSN-16in,
ASASSN-16jt, SN 2017ghw, SN 2017hcc; see Fig. A.2), it was
necessary to include a fourth component to account for a broad
underlying Ha emission coming from the CSM interaction (see
also Martinez-Rodriguez, in prep.).

The flux of the emission lines was corrected for dust extinc-
tion along the line of sight using the color excess (E(B — V))
estimate from the Ha/HB Balmer line flux ratios assum-
ing the Case B recombination intrinsic ratio /(Ha)/I(HB) =
2.86 for T = 10000K, an electron density of 102cm™3
(Osterbrock & Ferland 2006), and a Fitzpatrick (1999) extinc-
tion law.

The ongoing SFR can be directly estimated from the
extinction-corrected Ha flux following Kennicutt (1998),

SFR[M, yr'] = 7.9 x 107** L(Ha), €))
where
L(Ha) = 4nd} F(Ha) )

is the extinction-corrected Ha luminosity in units of ergs~! and
dy is the luminosity distance to the galaxy. The SFR density
(Zsrr) is obtained by dividing the SFR by the area of the aper-
ture in kpc?, and the specific SFR (sSFR) is obtained by dividing
the SFR by the stellar mass obtained from the STARLIGHT fit.

While the Her flux is an indicator of the ongoing SFR, the Her
equivalent width, EW(Ha), is a measurement of how strong the
emission line is compared with the stellar continuum. The stel-
lar continuum is dominated by the contribution from old stars,
which also contain most of the stellar mass. The EW(He) repre-
sents the fraction of young stars, and it can be thought of as an
indicator of the strength of the ongoing SFR compared with the
past SFR. It decreases with time when no ongoing star-formation
is present. It is a reliable proxy for the age of the youngest stel-
lar components (Sdnchez et al. 2015; Kuncarayakti et al. 2016).
To estimate EW(Ha), we divided the observed spectrum by the
STARLIGHT fit and repeated the weighted nonlinear least-squares
fit of the He line in the normalized spectra.

The most commonly used metallicity indicator in interstel-
lar medium (ISM) studies is the oxygen abundance because
it is the most abundant metal in the gas phase and has very
strong optical nebular lines. We estimated the oxygen abun-
dances, 12 + log(O/H), using three different empirical calibra-
tions based on emission-line ratios. In particular, we used the
N2 index with the Marino et al. (2013) calibrations updated from
Pettini & Pagel (2004) based on the [N 11]/Ha ratio,

[N11]

12+ log (O/H)y = 8.743 +0.462 x log ——. 3)

and the O3N2 index based on the difference between the logs of
the [O 1IT]/HB and [N 11]/Ha ratios,

Om] H
12 +1og (O/H)g3n2 = 8.533 - 0.214 % log([ ]_0‘). )

HB  [N1]

Finally, we used the sulphur-based calibrator from Dopita et al.
(2016) based on the [S 1I]/Ha and [N 11]/Ha ratios,
12 +1og (O/H)p1 = 8.77+y + 0.45 X (y + 0.3), &)
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Table 2. Local metallicity measurements of our SN IIn sample.

Name 12 +1og(O/H)ny 12 +10g(O/H)osnz 12 +1og (O/H)p6

SN 1997bs 8.699(0.014) 8.568(0.025) 8.697(0.022)

SN 1998S 8.577(0.003) 8.560(0.004) 8.720(0.004)

SN 2005cl 8.617(0.008) 8.582(0.019) 8.833(0.025)

SN 2005db 8.550(0.004) 8.639(0.001) 8.856(0.005)

SN 2005kd 8.299(0.002) 8.285(0.001) 8.141(0.004)

SN 2007cm 8.639(0.020) 8.500(0.005) 8.716(0.020)

SN 2008B 8.561(0.019) 8.532(0.005) 8.612(0.022)

SN 20157 8.571(0.002) 8.459(0.001) 8.607(0.002)

ASASSN-15ab 8.332(0.002) 8.350(0.004) 8.376(0.013)

SN 2016bdu 8.429(0.259) 8.316(0.114) 8.250(0.001)

SN 2016iaf 8.105(0.121) 8.453(0.099) 7.484(0.807)

ASASSN-16bw 8.612(0.041) 8.424(0.035) 8.567(0.051)

ASASSN-16in 8.585(0.060) 8.395(0.033) 8.500(0.089)

ASASSN-16jt 8.529(0.028) 8.456(0.011) 8.603(0.037)

SN 2017bzm 8.200(0.020) 8.185(0.013) 8.108(0.071)

SN 2017cin 8.372(0.005) 8.381(0.003) 8.373(0.011)

SN 2017fav 8.429(0.019) 8.392(0.009) 8.412(0.036)

SN 2017ggv 8.505(0.004) 8.512(0.005) 8.555(0.006)

SN 2017ghw 8.561(0.188) 8.631(0.077) 8.642(0.264)

SN 2017hcc 8.247(0.117) 8.232(0.065) 8.058(0.331)

SN 2021fpn 8.756(0.010) 8.334(0.005) 8.728(0.011)

Notes. Numbers in parentheses are the standard deviation.
Table 3. Local environmental properties of our SN IIn sample.
Name log Zspr EW(Ha) log(sSFR) (logt.r) EB-YV) Avys
(Mo yr™" kpc™) A) (yr'h (years) (mag)  (mag)

SN 1997bs —4.174(0.006) 8.66(0.09) —10.359(0.694) 8.47(0.66) 0.24(0.05) 1.25
SN 1998S —1.614(0.001) 39.99(0.08) -—11.097(0.169) 8.80(1.21) 0.43(0.07) 0.77
SN 2005c¢l —2.376(0.003) 22.07(0.16) -9.246(0.001) 9.00(1.34) 0.25(0.04) 0.41
SN 2005db —1.711(0.001) 51.29(0.16) -9.371(0.001) 8.17(1.62) 0.38(0.05) 0.13
SN 2005kd —1.920(0.001) 52.67(0.12) -9.063(0.001) 8.05(0.84) 0.20(0.02) 0.12
SN 2007cm —3.354(0.008) 12.13(0.17) -11.471(0.001) 9.28(1.53) 0.04(0.01) 0.32
SN 2008B —2.946(0.007) 37.40(0.90) —8.060(0.001) 7.93(1.50) 0.10(0.01) 0.00
SN 20157 —2.386(0.001) 39.68(0.29) -9.242(0.001) 8.08(1.38) 0.22(0.02)  0.00
ASASSN-15ab —3.347(0.001) 313.14(1.23) —7.622(0.001) 6.40(0.71) 0.13(0.01)  0.00
SN 2016bdu —4.021(0.081) 4.40(0.75) -—10.964(0.016) 8.14(2.66) 0.04(0.01) 0.20
SN 2016iaf —4.577(0.015) 35.08(0.74) —8.242(0.001) 6.50(0.01) 0.06(0.01) 0.49
ASASSN-16bw —4.286(0.016) 33.16(0.88) —8.743(0.017)  7.05(0.28) 0.36(0.03) 1.57
ASASSN-16in —4.736(0.022) 29.82(1.24) —8.352(0.004) 6.48(0.37) 0.00(0.01) 0.00
ASASSN-16jt —4.041(0.010) 24.37(0.26) -10.467(0.008) 7.73(1.89) 0.15(0.02) 1.23
SN 2017bzm —3.395(0.005) 133.56(1.03) -8.662(0.001) 7.37(1.42) 0.04¢(0.01) 0.78
SN 2017cin —3.191(0.002) 112.16(0.32) —9.228(0.001) 8.32(1.56) 0.23(0.02) 0.07
SN 2017fav —2.547(0.006) 53.97(0.59) -9.246(0.001) 7.72(1.55) 0.18(0.01) 0.19
SN 2017ggv —3.360(0.001) 34.10(0.07) -9.916(0.001) 8.30(1.20) 0.25(0.03) 1.02
SN 2017ghw —4.817(0.066) 7.20(0.70) —10.305(0.001) 7.14(1.76) 0.00(0.01)  0.00
SN 2017hcc —4.192(0.000) 13.44(0.59) -9.322(0.004) 6.86(1.12) 0.20(0.03) 0.16
SN 2021fpn —4.150(0.004) 187.74(1.45) —8.589(0.001) 8.23(1.60) 0.20(0.02)  0.00

Notes. Numbers in parentheses are the standard deviation.

where y = log[N1I]/[S 1] + 0.264 X log[N 11]/He. All these cal-
ibrations are quite insensitive to extinction because the emission
lines used for the ratio diagnostics are close in wavelength. The
ratios are also little affected by differential atmospheric refrac-
tion (DAR), although DAR has been corrected for during data
reduction. The resulting metallicities are reported in Table 2,
and the other local environmental properties are summarized in

Table 3.
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4. SN IIn properties

SNe IIn are characterized by their high CSM density. We
assumed that the CSM density is pcsm = Ar~2, where A is con-
stant and r is the radius. Given a mass-loss rate (M) and a wind
velocity (vwing) of the progenitor, the constant is
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Following convention (e.g., Chevalier & Fransson 2006), we
define

1 M i -
A= — Owind . )
4 \ 10 Mo yr~! J\ 100km ™!

Assuming that shock breakout occurs inside the dense CSM,
we can relate the rise time and peak luminosity to the density
(e.g., Ofek et al. 2010, 2014a; Moriya & Maeda 2014). Follow-
ing Moriya & Maeda (2014),

12 2 3men =D a2

o2 o !
A — C2 n C‘3 4n-5 S_HK =5 td4rlfb LSH*S s (8)

where

[(B-8)n -3 ]“
[2(5 - &)(n - 517

Cy=ci [27r(n —4)(n-3)n-9)

n—2\
X(n—3) ’ ©)
cy = F Cn;;-z)[ 1 [2(5—6)(n—5)]"53]m
3T .15 4n(n - 9) [(3_5)(,1_3)]%

4 3 ("*(1)( ) (n=5)(n=3)
X[m— )~ >} w0

n=5)
n—=2) n— 3 n(n=2)
2 n—-2 ’

€ is the conversion efficiency from kinetic energy to radiation
at the shock, k = 0.34cm? g~! is the electron-scattering opacity
in the CSM, 14 is the rise time, L, is the peak bolometric lumi-
nosity, and c is the speed of light. Here, the SN ejecta density
Pejecta 15 assumed to have a two-component power-law structure
(Pejecta o ¥ outside and pejecta r~% inside) with n = 7 and
6 = 0 (Matzner & McKee 1999). We assumed a constant £ = 0.3
in our analysis (e.g., Ofek et al. 2014a; Moriya & Maeda 2014;
Fransson et al. 2014, but see also Tsuna et al. 2019).

This formalism is applicable to bolometric light curves.
However, it is difficult to estimate the bolometric luminos-
ity without extensive multiwavelength observations, and such
observations are rarely available. Here, we used observed
light curves in the o filter (5600—-8200 A), the R-band filter
(5500—-8600 A), or the r-band filter (5600—7300 A) to estimate
the rise time and peak luminosity. We did not include a bolomet-
ric correction because the bolometric correction near the lumi-
nosity peak in this wavelength range is estimated to be small
(e.g., around —0.3 mag in the R band for SN 2010jl; Ofek et al.
2014b). In the case of ASASSN-15ab and ASASSN-16in, we
used V-band (4800—6400 A) light curves, which provide better
constraints on the rising part of the light curve.

The light curves were corrected for the Galactic extinction.
The host galaxy extinction was uncertain. Although we esti-
mated E(B — V) and Ay. from the host galaxy spectra, they do
not necessarily represent the extinction at the exact SN location.
Here, we assumed three cases: no host extinction, a host extinc-
tion correction with E(B — V), and a host extinction correction
with Ay.. We find that our results are independent of the choice
of the host galaxy extinction. We discuss the case without the
host galaxy extinction in the following sections.

The rise time and peak luminosity of our SN IIn sample were
estimated using the method developed by Ofek et al. (2014a).
We fit the rising part of the light curves to estimate 74 and L,

B 2
L(r):Lpll—(ﬂ) }
Iq

where . is the time of the luminosity peak. The fits are shown
in Fig. B.1, and the estimated rise times and peak luminosities

an

are summarized in Table 1. Because of the uncertainties in the
rise time and the peak luminosity caused by the distance uncer-
tainties and bolometric corrections, we assumed a 1o uncer-
tainty of 3 days and 0.3 mag in the rise time and peak luminosity.

Table 1 also includes the CSM density estimates. We also
show the corresponding mass-loss rates for vying = 100km s7L.
The estimated mass-loss rates with vyig = 100kms™! range
from ~1073 Mg yr~!' to ~1072 My yr™!, and they are consistent
with previous studies (e.g., Ofek et al. 2014a; Moriya & Maeda
2014). In the following analysis, we assume an 0.5 dex uncer-
tainty in CSM density estimates to account for possible system-
atic uncertainties as well as the uncertainties in estimating rise
time and peak luminosity.

5. Environmental dependence

Using the SN IIn environmental properties (Sect. 3) and SN IIn
properties (Sect. 4), we next investigated whether any correla-
tions existed among them. We evaluated the Pearson correlation
coefficient p to determine the existence and strength of correla-
tions. We employed 10° bootstrapping simulations and derived
the Pearson correlation coefficient, its standard deviation, and the
p value for each. Each bootstrapping simulation was performed
by randomly selecting 21 SNe, allowing multiple selections of
the same SN IIn.

Table 4 summarizes the Pearson correlation coefficients,
their standard deviations, and the p values for each. One statis-
tically significant correlation is a positive correlation between
the peak magnitude and all three metallicity indicators. This
means that more luminous SNe IIn tend to appear in lower-
metallicity environments. Figure 1 illustrates the correlation.
The other significant correlation is a very weak positive correla-
tion between the peak magnitude and the average light-weighted
stellar population age ({logz.r)). In other words, more lumi-
nous SNe IIn prefer to occur in environments with younger
stellar populations (Fig. 2). We also found that metallicity and
average light-weighted stellar population age might be weakly
correlated (Fig. 3). Thus, it is not clear whether the peak lumi-
nosity correlation is driven by metallicity, stellar population age,
or both. Because we found stronger correlations with metallicity,
it is possible that the metallicity difference is the main cause of
the correlation.

It is worth noting that we did not find significant correla-
tions between metallicity and CSM density (Fig. 4). A very weak
negative correlation between metallicity and CSM density (i.e.,
SNe IIn with higher metallicity tend to have a less dense CSM)
may exist, but it is still statistically marginal and depends on
the metallicity indicator. Interestingly, no positive correlation is
likely to exist. Taddia et al. (2015) previously investigated the
metallicity dependence of mass-loss rates and wind velocities in
SNe IIn. They concluded that SNe IIn from higher-metallicity
environments have higher mass-loss rates and wind velocities.
Figure 5 shows the CSM density estimates from the SNe IIn
used in their analysis. The mass-loss rates and wind velocities
in the Taddia et al. (2015) estimates were taken from a range of
sources using different methods, and they were not necessarily
estimated in a consistent way. Nonetheless, we do not find a sig-
nificant correlation in the CSM density and metallicity in their
sample either. Our results show that although mass-loss rates and
wind velocities may have a metallicity dependence as proposed
by Taddia et al. (2015), the CSM density (A o« M [vying) is not
significantly metallicity dependent.

For the other combinations of the parameters, we do not find
any statistically significant correlations. There may be other very
weak correlations such as between the rise time and log Xgpg,
between the peak magnitude and log sSFR, and between log A.
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Table 4. Pearson correlation coefficients, their standard deviations, and the p values.

12 +log(O/H)y, 12 +10g(O/H)gsne 12 +1log (O/H)py6 log Xspr EW(Ha) log sSFR (logt.1)
No host galaxy extinction correction
Rise time -0.17 £ 0.27 —-0.07 £ 0.26 -0.22+0.25 -037+0.17 -0.01+025 0.18+0.19 -0.25+0.16
(p =0.49) (p=0.74) (p=0.22) (p =0.031) (p=091) (p=0.34) (p =0.097)
Peak mag. 0.67 = 0.08 0.56 +0.13 0.60 = 0.09 0.16+0.26 -0.18+0.15 -0.36+0.15 042+0.10
(p =0.000011) (p = 0.0010) (p = 0.0000040) (p =0.63) (p=0.17) (p=0.027) (p=0.00032)
log A. —-0.39 +£0.20 -0.31+0.22 -0.37+£0.16 -025+0.22 0.12+0.18 0.31+0.17 -0.33+0.12
: (p =0.041) (p=0.13) (p =0.034) (p=0.28) (p =0.58) (p =0.067) (p=0.011)
Host galaxy extinction correction with E(B — V)
Rise time -0.16 £ 0.27 —-0.06 = 0.25 -0.21+0.25 -037+0.18 -0.01+025 0.19+0.19 -0.25+0.16
(p=0.51) (p=0.78) (p=0.24) (p =0.032) (p=0.92) (p=0.34) (p =0.10)
Peak mag 0.66 = 0.08 0.54+0.12 0.57 £ 0.09 0.06+0.25 -020+0.14 -0.37+0.15 0.39 +0.11
’ (p = 0.000016) (p = 0.0010) (p = 0.000049) (p=0.89) (p =0.15) (p =0.028) (p =0.0021)
log A, -0.37 £ 0.20 -0.28 £ 0.22 -0.34+0.17 -020+0.22 0.12+0.19 0.31+£0.17 -0.30 +0.12
: (p =0.051) (p=0.17) (p =0.047) (p=0.39) (p=0.58) (p =0.070) (p =0.018)
Host galaxy extinction correction with Ay,
Rise time -0.16 £ 0.27 —-0.06 = 0.25 -0.21+0.25 -037+0.18 -0.01+0.25 0.19+0.19 -0.25+0.16
(p=0.51) (p=0.78) (p=0.24) (p =0.032) (p=0.92) (p=0.34) (p =0.10)
Peak mag 0.66 = 0.09 0.55+0.13 0.60 = 0.08 020+0.25 -0.13+0.15 -0.31+0.17 042+0.10
’ (p = 0.000013) (p = 0.0015) (p = 0.000022) (p=0.49) (p=0.34) (p=0.059) (p=0.00035)
log A. —-0.39 +0.20 -0.30 £ 0.22 -0.37+0.16 -0.28+0.21  0.09+0.18 0.29 +£0.18 -0.33+0.12
) (p =0.043) (p=0.14) (p =0.037) (p=0.21) (p =0.69) (p =0.097) (p=0.011)

Notes. Bold font indicates statistically significant correlations.

and (logt, ). More SNe IIn are required to determine the valid-
ity of any additional correlations.

6. Discussion

We found that there is a negative correlation between metallicity
and peak luminosity of SNe IIn in the sense that more luminous
SNe IIn are associated with lower-metallicity environments. We
also found a weak negative correlation between stellar popula-
tion age and peak luminosity. The luminosity of SNe IIn can
be characterized by £E\yi,/tq, Where Ey;, is the kinetic energy
in the shocked SN ejecta up to the time of the luminosity peak
(Moriya & Maeda 2014). We found that the rise time, which is
related to #4, does not correlate with metallicity or stellar age.
The conversion efficiency ¢ is not likely to be sensitive to metal-
licity and stellar population age, although it could be higher for
higher metallicities because the cooling is more efficient. Thus,
the negative correlation could be caused by the fact that SNe IIn
tend to have a higher explosion energy in lower-metallicity envi-
ronments and/or younger stellar populations. Because higher-
mass progenitors tend to have higher explosion energies (e.g.,
Martinez et al. 2022), it may be natural to expect SNe IIn from
younger stellar populations to have higher explosion energies.
However, we do not find any correlations between EW(Hea) and
peak luminosity. It is also possible that SN IIn progenitor masses
tend to be higher at lower metallicity.

We did not find a significant correlation between metallic-
ity and CSM density. This is interesting because some mass-
loss mechanisms predict a positive correlation between mass-
loss rate and metallicity. For example, in the case of hot massive
stars, Bjorklund et al. (2021) reported that

M z
log (—1) = —-5.55+0.79 log(—)
Mg yr~ Z

©

z L
2.16-0.32log [ = ||log ], (12
t[pre-osmn(Z) o) o
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with tying o ZPP and p(L) = —0.41log (5 ) - 0.32. Here, Z
is the metallicity and L is the luminosity of a star. This leads to
a CSM density factor scaling of
A oc Z111+0.09log(L/10°Le) f 2.16 (13)
For a given luminosity, the CSM density is expected to corre-
late positively with the metallicity. In order to have no or neg-
ative correlations between A and Z, the SN IIn progenitor lumi-
nosity L could increase at low metallicity. Ignoring the small term
0.09 log(L/10°Ly) and assuming L o< Z* for SN IIn progenitors,
we obtain A oc Z'11+216¢ Thys, o < —0.5is required to have no or
negative correlations between Z and A. If the progenitor luminos-
ity is close to the Eddington luminosity (i.e., L o« M), an increase
in progenitor mass by a factor of around 2 for a metallicity increase
by a factor of 0.3 would produce no correlations, for example.

In the case of cool stars such as red supergiants (RSGs), the
metallicity dependence of M is not so clear. The RSG mass-loss
rates have been suggested to follow a relation of M o L3707
with vyina o L% (Mauron & Josselin 2011, and the references
therein), while Goldman et al. (2017) suggested no metallicity
dependence for RSG mass-loss rates (M o L% with vying o
ZL%%). The two prescriptions predict quite different CSM density
dependences on metallicity with A oc L°7Z%7 (Mauron & Josselin
2011) or A o« L%Z~! (Goldman et al. 2017). In both cases, the
CSM density around RSGs is predicted to strongly depend on
metallicity. Nonetheless, because of the huge uncertainties in the
metallicity dependence of RSG mass loss, it is difficult to judge
from the metallicity dependence whether SN IIn progenitors are
dominated by RSGs. Additional investigations into the metallicity
dependence of RSG mass loss are required.

Because of their high mass-loss rates, the progenitors of
SNe IIn may have optically thick winds forming a dense CSM.
Mass-loss rates and wind velocities from optically thick winds are
also predicted to be metallicity dependent, but their dependence
may also compensate for a metallicity-independent CSM density
(e.g., Grifener & Hamann 2008; Sander et al. 2020).
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Fig. 1. Correlation between metallicity (12 + log(O/H)) and peak mag-
nitude for the three different metallicity estimators (N2 at the top, O3N2
in the middle, and D16 at the bottom). Each Pearson correlation coeffi-
cient p is shown along with its standard deviation and p value. The best
linear fits are shown with the red lines, and the 1o region is indicated
by the gray shades. No host extinction is applied here.

It is also possible that the normal mass-loss mechanisms
for hot and cool stars are irrelevant for SN IIn progeni-
tors. Their CSM density may be driven by a totally different
mass-loss mechanism that is not strongly affected by metal-
licity. Precursors observed in some SNe IIn (e.g., Ofek et al.
2013; Strotjohann et al. 2021) may indeed indicate that their
mass-loss mechanism is quite different from those of the
metallicity-dependent steady winds discussed above. For exam-
ple, continuum-driven winds are not expected to have a metal-
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Fig. 2. Correlation between the average light-weighted stellar popula-
tion age ((logt,.)) and the peak magnitude. See the caption of Fig. 1
for details.
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Fig. 4. Same as Fig. 1, but for the CSM density (log A.). The right ver-
tical axis shows the corresponding mass-loss rate for a wind velocity of
100km st

licity dependence (e.g., Smith & Owocki 2006). Further inves-
tigation of the environmental dependence of SN IIn properties
would help understanding this unknown mass-loss mechanism
in SNe IIn.

Another possibility to explain the apparent lack of a metal-
licity dependence is that the CSM density depends on the metal-
licity, but we did not find this clearly because the CSM density
needs to be high enough to be observed as SNe IIn. We might

simply be biased to SNe with a CSM density above a certain
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Fig. 5. Correlation between metallicity (12 + log(O/H)nz) and CSM
density (log A,) for the SN IIn sample in Taddia et al. (2015). The right
vertical axis shows the corresponding mass-loss rate for a wind velocity
of 100kms™!. The best linear fitting function (red line) with the 1o
region (gray shade) is shown.

metallicity-independent threshold by observing SNe IIn. In this
case, the apparent lack of a metallicity dependence would simply
be an observational bias.

7. Conclusions

Using 21 SNe IIn with good light curves and local IFS data,
we investigated the relation between local environments and SN
properties. We found that SNe IIn with a higher peak luminosity
tend to be in environments with lower metallicities and younger
stellar population ages. Because metallicity and stellar popula-
tion age are correlated in our sample, it is unclear whether metal-
licity, stellar population age, or both drive the correlations. The
correlations may indicate that SNe IIn have higher explosion
energies in environments with lower metallicity and/or younger
stellar ages.

We did not find statistically significant correlations between
local metallicity and CSM density around SNe IIn. There might
be a very weak negative correlation, but no positive correlation
exists. This indicates that the mass-loss mechanism triggering
the formation of the dense CSM around SNe IIn could be metal-
licity independent. Alternatively, the SN IIn progenitor mass
range may depend on metallicity. It is also possible that the lack
of a metallicity dependence is an observational bias that arose
because we established a minimum threshold CSM density for a
source to be classified as an SN IIn.

Our study is based on 21 SNe IIn. Some correlations are
still not significant, and further confirmation is required. In addi-
tion, it is possible that some bias exists in our samples. Thus, a
similar study with more SNe IIn is encouraged. Wide-field
high-cadence transient surveys are increasing the number of
well-observed SNe IIn. Follow-up observations to obtain local
environment information to increase the sample size will be
important to uncover the mysterious nature of SNe IIn.
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Appendix A: Figures of the SN environments

We present supplementary figures presenting each SN environ-
ment. Figure A.1 shows SN host galaxies with SN locations, and
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Fig. A.2 shows their spectra, which were used to estimate the SN

environment parameters.
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Fig. A.1. SN IIn host galaxies in the synthesized r band in our IFS data. The red circle is the SN position with the seeing-sized aperture.
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Fig. A.2. Spectra of the SN IIn environments used for the environmental parameter estimations. Gray, red, and blue spectra are aperture spectra,
the best SSP fits, and their resulting gas-pahse emissioin spectra, respectively.
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Fig. A.2. continued.
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Appendix B: Light-curve fitting results
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The results of light-curve fitting that were used to estimate the
rise time and peak luminosity of our SN IIn sample are presented
in Fig. B.1. The fitting formula is Eq. (11).
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Fig. B.1. Light curves and fits for the SNe IIn. The light-curve fit to the peak is presented, and the peak is where the fitted line ends.
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Fig. B.1. continued.
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