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ABSTRACT

The explosion processes of supernovae (SNe) are imprinted in their explosion geometries. The recent discovery of several highly
aspherical core-collapse SNe is significant, and studying these is regarded as being crucial in order to understand the underlying
explosion mechanism. Here, we study the intrinsic polarization of 15 hydrogen-rich core-collapse SNe and explore the relation
between polarization and the photometric and spectroscopic properties of these objects. Our sample shows diverse properties of the
continuum polarization. Most SNe show a low degree of polarization at early phases but a sudden rise to ~1% at certain points during
the photospheric phase followed by a slow decline during the tail phase, with a constant polarization angle. The variation in the timing
of peak polarization values implies diversity in the explosion geometry: some SNe have aspherical structures only in their helium
cores, while in other SNe such structures reach out to a significant part of the outer hydrogen envelope with a common axis from the
helium core to the hydrogen envelope. Other SNe show high polarization from early phases and a change in polarization angle around
the middle of the photospheric phase. This implies that the ejecta are significantly aspherical out to the outermost layer and have multi-
directional aspherical structures. Exceptionally, the Type IIL SN 2017ahn shows low polarization at both the photospheric and tail
phases. Our results show that the timing of the polarization rise in Type IIP SNe is likely correlated with their brightness, velocity, and
the amount of radioactive Ni produced: brighter SNe with faster ejecta velocity and a larger >*Ni mass have more extended aspherical
explosion geometries. In particular, there is a clear correlation between the timing of the polarization rise and the explosion energy;
that is, the explosion asphericity is proportional to the explosion energy. This implies that the development of a global aspherical

structure, such as a jet, might be the key for the realisation of an energetic SN in the mechanism of SN explosions.

Key words. supernovae: general — techniques: polarimetric

1. Introduction

Core-collapse supernovae (CCSNe) are catastrophic explosions
of massive stars at their deaths. This phenomenon is closely
related to the evolution of galaxies through processes such as
the chemical enrichment of galaxies and the induction of star
formation. Despite significant effort, the explosion mechanism
is not yet fully understood. The most promising picture is the
neutrino-driven explosion, in which a star blows up due to neu-
trino heating from a protoneutron star (e.g., Janka et al. 2007,
Janka 2012). Although some recent multidimensional simula-
tions have been successful in launching the explosion, they
are unable to reproduce some of the basic observed properties;
for example, the 107! erg of explosion energy (e.g., Buras et al.
2006; Marek & Janka 2009; Takiwaki et al. 2012; Hanke et al.

2013; Melson et al. 2015). The results of these simulations indi-
cate that some multidimensional hydrodynamic instabilities,
such as convective motion (e.g., Herantetal. 1994) and the
standing-accretion-shock-instability (SASI; e.g., Foglizzo 2002;
Blondin et al. 2003), might play a crucial role in producing ener-
getic explosions, because the random movement of the ejecta gas
due to the instabilities can increase the neutrino heating efficiency
in the gain region. It has also been proposed that additional effects
that enhance certain instabilities enable the production of realis-
tic SN explosions, such as effects from general relativity, rotation,
magnetic fields, and inhomogeneities in the progenitor core. The
asymmetries resulting from instabilities in the inner core might
introduce Rayleigh—Taylor (RT) instability at the C+O/He and
He/H composition interfaces and create global asymmetries in the
ejecta (e.g., Wongwathanarat et al. 2015).

All, page 1 of 25

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202346715
https://www.aanda.org
mailto:takashi.nagao@utu.fi
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Nagao, T., et al.: A&A 681, A1l (2024)

Investigating explosion geometries of SNe can provide
insights into the explosion mechanism. In particular, it is crit-
ically important to clarify the relations between explosion
asphericity and SN properties, such as explosion energy, ejecta
mass, and progenitor radius. The proposed explosion scenarios
can be tested by comparing these relations with those from the-
oretical simulations. The most reliable and direct way to inves-
tigate the geometry of a spatially unresolved SN is polarimetry.
For an SN with a spherically symmetric photosphere, no polar-
ization is expected because of the cancellation of the orthogonal
Stokes vectors. Therefore, the detection of a non-null contin-
uum polarization provides direct and independent evidence for
an overall asphericity.

Hydrogen-rich CCSNe (hereafter Type II SNe) are classi-
fied into two subtypes, Type IIP and IIL, based on the light-
curve shapes. Type IIP SNe are the most common class of
CCSNe (~50% of all CC events; e.g., Lietal. 2011). These
objects show constant optical brightness until ~100 days post-
explosion (the photospheric phase), which is followed by an
exponential flux decline (the tail phase) after a sudden drop
(e.g., Andersonetal. 2014; Faranetal. 2014a; Sanders et al.
2015; Valenti et al. 2016). In general, a low level of polariza-
tion (~0.1%) has been measured during the photospheric phase,
while a rapid increase in continuum polarization (~1.0%) is seen
at the beginning of the tail phase in some Type IIP SNe (e.g.,
Leonard et al. 2001, 2006; Chornock et al. 2010; Kumar et al.
2016). This polarimetric feature can be explained by an asymmet-
ric helium core being revealed when the outer spherical hydrogen
envelope becomes optically thin as indicated by the light curve
falling off the plateau (e.g., Leonard et al. 2006). On the other
hand, Dessart & Hillier (2011), based on the polarimetric calcu-
lations from axially symmetric SN ejecta artificially constructed
using one-dimensional inputs from nonlocal-thermodynamic-
equilibrium radiative-transfer simulations, demonstrated that the
small continuum polarization during the photospheric phase can,
in some cases, be reproduced by optical-depth effects irrespec-
tive of the magnitude of the asphericity of the hydrogen enve-
lope. Although only a few Type IIP SNe have been observed in
polarimetry with a sufficient temporal coverage, this high polar-
ization is regarded as supporting evidence for the asymmetric
explosions suggested by some numerical simulations (e.g., Janka
2012). Recently, Nagao et al. (2019) found an unprecedented,
highly extended aspherical explosionin SN 2017gmr indicated by
an early rise in polarization, hence clearly showing that asymme-
tries are present not only in the helium core but also in a substantial
portion of the hydrogen envelope. This demonstrates the existence
of an intrinsic diversity in the aspherical structure of Type IIP SN
explosions.

Type IIL SNe are a relatively rare subtype of Type II SNe that
show a linear decline in their brightness during the photospheric
phase (e.g., Faran et al. 2014b). Very few Type IIL SNe have
been observed with polarimetry. Nagao et al. (2021) reported
that low polarization was observed during the entire evolution
from the photospheric to the tail phases in SN 2017ahn, while
SN 2013ej showed high polarization from the beginning of
the photospheric phase. Based on the polarization analysis of
SNe 2017ahn and 2013ej, Nagao et al. (2021) claim that there
are at least two subtypes of Type IIL SNe in terms of their explo-
sion schemes: some SNe may come from explosions that are dif-
ferent from those leading to Type IIP SNe (a spherical explosion;
e.g., SN 2017ahn) and others can come from similar explosions
(an aspherical explosion; e.g., SN 2013ej).

In this study, we investigate the polarimetric properties of
15 Type II SNe using unpublished and published spectropolari-
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metric data obtained with the Very Large Telescope (VLT) and
other telescopes. We have divided our analysis into two papers.
In Nagao et al. (2023; hereafter Paper I), we present the full
description of our SN sample, the observations, data reduction
techniques, and our method to estimate the interstellar polariza-
tion (ISP). We also investigate the properties of the ISP com-
ponents of 11 well-observed SNe from our sample in Paper L.
Here, we discuss the properties of the intrinsic SN polarization
of 15 SNe from our SN sample, their photometric and spec-
troscopic properties, and the relations between these proper-
ties, with the aim of exploring possible relations between the
explosion asphericity and the explosion physics. Throughout this
work, Type IIP and IIL are distinguished from one another based
on their light-curve shapes, with this latter being quantified by
the value of the decline rate during the photospheric phase (sp;
see Sect. 3.1). In the following sections, we show the polarimet-
ric (Sect. 2), photometric, and spectroscopic (Sect. 3) proper-
ties of our sample. In Sect. 4, we discuss relations between the
polarimetric properties and the other observational properties of
the SNe. Our conclusions are finally presented in Sect. 5.

2. Properties of intrinsic SN polarization

In this section, we discuss the continuum polarization in the
intrinsic SN polarization, which is derived by subtracting the
ISP component from the observed polarization spectrum. The
full description of our SN sample, the observations, the data
reduction techniques, and the method to estimate the interstel-
lar polarization are presented in Paper I. As for the VLT sam-
ple, we calculate the continuum polarization in the same way as
Chornock et al. (2010), Nagao et al. (2019, 2021). We indepen-
dently take the averages of the ordinary fluxes and the extraordi-
nary fluxes of the reduced polarization spectra (see Sect. 3.1 in
Paper I) within the wavelength ranges 6800-7200 A and 7820
8140 A towards each half-wave retarder-plate angle. From these
averaged fluxes of the ordinary and extraordinary beams, we
calculate the Stokes Q and U values and thereby the polar-
ization degree and angle for the continuum polarization using
the standard methods described in Patat & Romaniello (2006).
The polarization bias in the polarization degrees was removed
according to the standard procedure in Wang et al. (1997). The
derived values are discussed in Sect. 2.1 and shown in Figs. 1—-
11. It is noted that, for SNe 1999em, 2004dj, 20060v, and
2007aa, we instead adopted the derived values for the ISP and the
intrinsic SN polarization from the literature (Leonard et al. 2001,
2006; Chornock et al. 2010). As the continuum polarization of
SN 1999em, we adopted the V-band polarization values that
were measured by calculating the debiased, flux-weighted aver-
ages of ¢ and u over the intervals 6050-6950 A for the first epoch
and 5050-5950 A for the other epochs (Leonard et al. 2001). For
SN 2004dj, we adopted the continuum polarization values that
were derived as the median values of the Stokes parameters over
the interval 6800-8200 A (Leonard et al. 2006). The continuum
polarization values for SNe 20060v and 2007aa were derived in
the same way as in the present paper for the VLT sample.

In addition to the ISP, the continuum polarization observed
in Type II SNe has two possible origins: electron scattering
in an aspherical photosphere (the aspherical-photosphere ori-
gin) and dust scattering in aspherically distributed circumstellar
material (CSM; the dust-scattering origin; see, e.g., Nagao et al.
2019, 2021, and references therein). In the case of the former,
the polarization is wavelength independent, while in the latter,
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Fig. 1. Polarization degree and angle of the continuum polarization in SN 2017gmr.
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Fig. 2. Polarization degree and angle of the continuum polarization in SN 2017ahn.

some wavelength dependence is expected (see Nagao et al. 2018,
for details). As none of the polarization spectra in our sam-
ple show a clear wavelength dependence (see Figs. B.1-B.11)
at any phase, we conclude that the continuum polarization of
all the SNe at all the epochs in our sample originates from
aspherical structures in their photosphere. Such asphericities
can be created by an aspherical explosion (e.g., SN 2017gmr;
Nagao et al. 2019), an ejecta interaction with aspherical CSM
(e.g., SN 2013ej; Nagaoetal. 2021), or other unknown
processes.

2.1. Individual SNe in the VLT sample

The VLT sample consists of the following 11 SNe:
SNe 2017gmr, 2017ahn, 2013ej, 2012ec, 2012dh, 2012aw,
2010hv, 2010co, 2008bk, 2001du, and 2001dh. The individual
objects are discussed in the following subsections.

2.1.1. SN 2017gmr

The data for SN 2017gmr were already discussed in Nagao et al.
(2019). As shown in that work, the intrinsic continuum polar-
ization of SN 2017gmr is shown to be of a high degree (~0.8%),
with a constant angle (~95°) from the middle of the photospheric
phase to the beginning of the tail phase (see Fig. 1). This indi-
cates that the asymmetry is not confined to the helium core but

extends to a significant part of the hydrogen envelope, and that
the SN has a global aspherical structure from the helium core
to the hydrogen envelope; for example, a jet-like structure. As
the SN did not show any features due to a strong CSM inter-
action (see Andrews et al. 2019), we believe the origin of this
polarization to be the aspherical structure of the ejecta orig-
inating from an aspherical explosion (see also discussions in
Nagao et al. 2019). In addition, as the polarization evolution in
the tail phase is similar to other Type IIP SNe that are believed
to be aspherical explosions (17> evolution, which can be inter-
preted as being due to geometrical dilution that reduces the opti-
cal depth of the ejecta; e.g., SN 2004dj Leonard et al. 20006), it is
natural to conclude that the origin is a common feature of such
objects; that is, an aspherical explosion. This conclusion is sup-
ported by the asymmetric lines seen in the nebular spectra of
SN 2017gmr (e.g., Andrews et al. 2019; Utrobin et al. 2021).

2.1.2. SN 2017ahn

The data for SN 2017ahn were already presented in Nagao et al.
(2021). As discussed in that paper, the continuum polariza-
tion of this object remains low from the photospheric to tail
phases (Fig. 2), which implies a purely spherical explosion or
a polar viewing angle of an aspherical explosion. We note that,
at the first two epochs (and possibly also at the other epochs
as well), the polarization might show a component in the bluer

All, page 3 of 25



Nagao, T., et al.: A&A 681, A1l (2024)

o SN2013ej
' Photospﬁeric phase

Tail phase '
18] P

1.6¢
1.4}
1.2f

0.8r
0.6
0.4r

Degree of polarization [%)]

0768 50 0 50
Days relative to end of the photospheric phase

100

SN2013ej
180—

160+
140+
120+
100

Tail phase '

Photospﬁeric phase

Polarization angle [deg]
N b o0 @
o O O O

o

100 50 0 50
Days relative to end of the photospheric phase

100

Fig. 3. Polarization degree and angle of the continuum polarization in SN 2013ej. The explosion component is shown in red.
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Fig. 4. Polarization degree and angle of the continuum polarization in SN 2012ec.
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Fig. 5. Polarization degree and angle of the continuum polarization in SN 2012dh.

wavelengths (1 < 6000 A) with a degree of polarization of
~0.5% (see Fig. B.2). This might originate from some line polar-
ization, some dust scattering component, or an incomplete ISP
subtraction.

2.1.3. SN 2013ej

The data for SN 2013ej were already discussed in Nagao et al.
(2021). The continuum polarization of this SN has two com-
ponents with different angles, possibly consisting of an inter-
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action component (originating from the aspherical CSM inter-
action) and an explosion component (arising from an aspheri-
cal explosion). Following the discussion in Nagao et al. (2021),
we assume that the signal at the first epoch comes purely
from the CSM interaction (P = 0.40% and 6 = 78.4°).
The explosion component, which is derived by subtracting
the interaction component from the observed polarization, is
shown in Fig. 3 and Table A.3. Hereafter, we consider only
the explosion component as the continuum polarization of
SN 2013e;j.
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Fig. 8. Polarization degree and angle of the continuum polarization in SN 2010co.

2.1.4. SN 2012ec

This SN shows low polarization degrees at least until the latest
observation (Phase —54.49 days; see Fig. 4). This implies that
the shape of the photosphere is likely close to spherical, at least
until this epoch.

2.1.5. SN 2012dh

SN 2012dh shows a relatively low polarization level (P < 0.3%)
until the epoch of the last observation (phase —54.37+
16.40days), with erratic polarization angles (see Fig. 5). This

implies that the shape of the photosphere is quite spherical, at
least until this phase. Here, the large error bars in the phases orig-
inate from the large uncertainty on the end of the photospheric
phase.

2.1.6. SN 2012aw

The data for SN 2012aw were already discussed in Dessart et al.
(2021), although these authors assumed slightly different val-
ues for the ISP (see Paper I). As in SN 2013ej, SN 2012aw
has at least two components that show a change in polar-
ization angle with time: a component with 6 ~ 35° and a
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component with 8~ 125° (see Fig. 6). The first two epochs
appear to be dominated by the first component with a rela-
tively constant polarization angle P~ 0.35%, while the later
epochs seem to be affected by the second time-evolving com-
ponent with another constant polarization angle, § ~ 125°.
This behavior of the continuum polarization is similar to that
of SN 2013ej (Nagao et al. 2021). As in this latter case, the first
and second components might be due to a combination of an
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aspherical CSM interaction and an aspherical explosion, respec-
tively. However, as opposed to SN 2013ej, SN 2012aw did not
show strong interaction features in its photometric and spectro-
scopic properties at early phases. In addition, the two compo-
nents are close to perpendicular, which might suggest the pres-
ence of two-component ejecta driven by a “jet” explosion (a
collimated high-energy component and a canonical, bulk SN
component).
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after the subtraction of the interaction components.

Assuming the signals in the first epoch represent only one
component (P ~ 0.35% and 6 = 34.8°), we derive the remaining
component by subtracting this first component from the orig-
inal polarization signals (see Fig. 6). This remaining compo-
nent shows a relatively constant polarization angle (68 ~ 120°)
as well as a polarization rise similar to the behavior seen for
SNe 2017gmr and 2013ej. We therefore assume that the remain-
ing component is related to an aspherical explosion, as in other
SNe, such as SNe 2017gmr and 2013ej. We note that the angle of
the second component at the second epoch differs from those at
the other epochs. This may be due to the large uncertainty origi-
nating from the subtraction of similar vectors in the Q—U plane,
which we do not take into account for the error estimation of the
polarization angles.

The difference in polarization angle between the first compo-
nent and the explosion component is ~90° for SN 2012aw, while
itis ~20° for SN 2013e;j (see Tables A.3 and A.6). If the origin of
the first component for SN 2012aw is the same as for SN 2013ej,
which is supposed to come from an aspherical CSM interaction
(Nagao et al. 2021), this might indicate that the orientations of
the aspherical structures of the explosion and the CSM distribu-
tion are independent. In turn, this suggests that the two aspherici-
ties (the first and second polarization components) are produced
by different mechanisms. Unlike SN 2013ej, SN 2012aw does
not show any clear evidence for a strong CSM interaction in the
light curve and spectra during the photospheric phase. There-
fore, the origin of the first component may be different in the two
objects. The number of SNe showing such a component is still
too small to allow any firm conclusion on its nature. Hereafter,
we consider only the second component (red points in Fig. 6) as
the continuum polarization of SN 2012aw.

2.1.7. SN 2010hv

SN 2010hv shows low polarization degrees during most parts
of the photospheric phase (see Fig. 7), although there is a large

uncertainty in the phases. This implies that either most of the
hydrogen envelope is quite spherical or that the viewing angle is
close to polar for an aspherical structure.

2.1.8. SN 2010co

SN 2010co shows a polarization rise during the photospheric
phase akin to that seen for SNe 2017gmr, 2013ej, and 2012aw.
This implies that this SN also has an aspherical structure extend-
ing to the hydrogen envelope.

2.1.9. SN 2008bk

SN 2008bk shows relatively low polarization degrees during the
photospheric phase, while it develops high polarization in the tail
phase. It is not clear whether the timing of the polarization rise
corresponds to the luminosity drop, as in the other SNe, because
that part of the polarimetric evolution (occurring between our
fifth and sixth epochs) is not covered by the available data.
However, the general behavior is similar to that expected for
the classical scenario (e.g., SN 2004dj; Leonard et al. 2006): an
aspherical He core surrounded by a spherical hydrogen envelope.
As the polarization degree around 60 days after the luminosity
drop is high (P ~ 1.17%) compared to that seen in the other
SNe in our sample (see Fig. 12), the actual polarization peak
might also be high (~2%) just after the luminosity drop, that is,
if this SN also follows the 2 evolution. This might imply a very
aspherical He core.

2.1.10. SN 2001du

Although there are relatively few data for SN 2001du, this object
shows low polarization degrees at least at the start of the photo-
spheric phase, unlike SNe 2013ej and 2012aw. This behavior is
seen in most Type II SNe.

All, page 7 of 25
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Table 1. Type, polarization group, and characteristic polarimetric, photometric, and spectroscopic parameters for the 15 SNe in our sample.

Name SN Type Polarization Tpol My (tpn/2), L(ton/2) U(ton/2) My
group [mag], 10%? [erg s 10? [kms™!] [My]

SN 2017gmr 1P 2 0.41 —-18.1+0.2,56+1.1 5.6+0.1 0.269 +0.015

SN 2017ahn 1L 3 (0.83-1.00) -173+04,2.7+1.2 4.7+0.1) 0.038+0.002

SN 2013ej 1L 2 0.08 -16.7+0.2,1.6+0.3 45+0.1 0.019 +0.001

SN 2012ec 1P ? (0.49-1.00) -165+0.1,1.3+0.1 3.8+0.1 0.034 +0.002

SN 2012dh 1IL ? (0.39-1.00) -16.3+0.5,1.1+0.7 (4.6+0.1) 0.024+0.002

SN 2012aw 1P 2 0.12 -16.7+0.1,1.6 £ 0.1 3.6+0.1 0.061 +0.004

SN 2010hv 11 lor3 (0.75-1.00) - 4.2+0.1) -

SN 2010co I 2 0.28+0.14 - (4.6+0.1) -

SN 2008bk 1P 1 (0.98-1.00) -14.7+0.1,0.25+0.02 (1.9+0.1) 0.007 =0.001

SN 2007aa 1P 1 0.76 -16.7+0.2,1.6+0.3 3.1+0.1 0.042 +0.012

SN 20060v 1P 1 0.79 —-14.8+04,0.27+0.12 (1.7+0.1)  0.002+0.001

SN 2004d;j 1P 1 0.82 -16.0+£0.2,0.81+0.26 2.9+0.1 0.016 +0.001

SN 2001du 11 ? (0.05-1.00) - (5.8+0.1) -

SN 2001dh I 27 - - (3.2+0.1) -

SN 1999em 1P lor2 (0.36-1.00) -16.7+0.2,1.6+0.3 3.0+0.1 0.058 +0.002

2.1.11. SN 2001dh

The continuum polarization of SN 2001dh shows a very dif-
ferent behavior from that seen in all the other SNe observed
so far in that it displays a component with a single polariza-
tion angle (8 ~ 160°), which declines from a level of ~1%
during the photospheric phase. The 1% continuum polariza-
tion at the start of the photospheric phase is the highest level
ever recorded among all observed Type II SNe. In addition,
such a marked decline has not been observed in any other
SNe. As it is difficult for an aspherical explosion to create
aspherical structure in only the outermost layers, this polariza-
tion decline might be due to cancellation of polarization com-
ponents by multiple aspherical structures as in SNe 2013ej
and 2012aw.

2.2. Diversity in the continuum polarization

Figure 12 shows the time evolution of the continuum polar-
ization of the SNe in our sample. All the SNe, with excep-
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tion of SN 2017ahn, show relatively high degrees of polariza-
tion at some epoch (~1%), although there is large diversity
in the temporal evolution. This supports the position that an
aspherical structure is a common feature in Type II SNe (e.g.,
Wang & Wheeler 2008).

A polarization level as large as ~1% corresponds to an
asphericity with a minimum axis ratio of 1.2:1.0 in the electron-
scattering ellipsoidal atmosphere model by Hoflich (1991), even
though the peak polarization degree depends on the viewing
angle. Given its behavior, SN 2017ahn might be an exceptionally
spherical explosion, or a common aspherical structure viewed
along the polar axis. In general, the timing of the polarization
rise does not depend on the viewing angle. Therefore, the dif-
ferent timings of the polarization rise mean that the extent of
an aspherical structure in the hydrogen envelope is different for
different SNe. As discussed above, SN 2001dh shows a behav-
ior that is very different with respect to the others. This might
imply a multidirectional explosion or an external factor, such as
an aspherical CSM interaction.
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Table 2. Best-fit values from the light-curve fitting.

Name Iph ap wo M, Sp St
SN 2017gmr  92.92+0.13 1.50+0.01 558+0.09 -16.39+0.01 0.56+0.01 1.29+0.02
SN 2017ahn 61.62+0.41 1.65+0.05 4.04+022 —-1459+0.04 396+0.06 1.75+0.10
SN 2013ej 10047 +£0.08 2.38+0.01 3.73+£0.06 -1347+0.01 190+0.02 1.17+0.01
SN 2012ec 106.70£0.67 222+0.07 7.13+£056 -14.01+0.06 045+0.04 1.11+0.02
SN 2012dh (115.4+16.4) 1.53f8:}§ (5.8) —13.53f8:£ 2.18f8:g§ 1.16 £0.04
SN 2012aw 133.83+£0.33 2.01+0.02 9.19+032 -1435+0.01 0.51+0.01 1.01+0.02
SN 2008bk 130.10+0.65 2.82+0.02 10.75+0.26 -12.05+0.01 0.02+0.01 1.06+0.01
SN 2007aa 103.20+1.22 2.10+031 331+076 -1434+026 0.61+024 0.15+0.85
SN 20060v 121.37+0.33 3.85+0.07 2.08+0.16 -1058+0.06 1.78+0.18 0.23+0.09
SN 2004d;j 101.77+0.52 254+0.04 801+031 -1322+0.02 047+0.06 0.80+0.02
SN 1999em 122.34+0.12 2.17+0.01 4.13+£0.09 -14.15+0.01 049+0.01 0.65+0.03

Notes. The fitting function according to Eq. (1) and Fig. 15.

The observed diversity in the continuum polarization points M()
to diverse explosion geometries in Type II SNe, which can be 4 Power law Sigmoid Power law

categorized as follows:

— Group 1 (SNe 2008bk, 2007aa, 20060v and 2004dj): This

Sp

Mt-ao

group includes SNe that show low degrees of polarization
(<0.5%) at the photospheric phase and a polarization rise
(~1%) at the photospheric-to-tail transitional phase. This is
a classical picture of the continuum polarization in Type II
SNe (e.g., Leonard et al. 2006), and is explained in terms of
an aspherical helium core enshrouded by a spherical hydro-
gen envelope. We note that there are no available obser-
vations of SN 20060v during the photospheric phase, and
so it is not clear whether the polarization is low during
this phase. However, SN 20060v shows a clear polarization
rise at the transitional phase, and thus may belong to this
group.

— Group 2 (SNe 2017gmr, 2013ej, 2012aw and 2010co):
Objects in this group show an increase in polarization
(>0.5%) already during the photospheric phase. This early
rise implies that SNe have a very extended aspherical struc-
ture: asymmetries are not confined to the helium core but
extend to a significant part of the hydrogen envelope.

— Group 3 (SN 2017ahn): SNe in this group show low polar-
ization at all times, from photospheric to tail phases. As the
properties of SN 2017ahn deviate from those of the other

A

St

> t

ter-wo  ter ter+Wo

Fig. 15. Schematics of the function used for the light-curve fitting (see
Eq. (1)).

Type II SNe (Tartaglia et al. 2021), this might be generated
by an explosion mechanism that is different from the major-
ity of the explosions. Alternatively, this SN might be a simi-
lar explosion but, by chance, it was viewed along the axis of
the aspherical structure. As there is only one such case, it is
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difficult to draw any firm conclusions. Larger samples may

allow the possible options to be disentangled.
The polarization behavior of SN 2001dh does not conform to
any of the above groups. As the observational data are very lim-
ited, we cannot form conclusions as to whether the high polar-
ization originates from an aspherical CSM interaction, as in
SN 2013ej (belonging to one of the above groups), or its explo-
sion geometry is really aspherical out to the outer ejecta edge
(and therefore belongs to a new group). As for the remaining
SNe 2012ec, 2012dh, 2010hv, 2001du, 2001dh, and 1999em, the
data are not sufficient to decide to which of the above groups they
belong to.

In the tail phase, the continuum polarization seems to show
a behavior that is similar for all objects, that is, a decline
that approximately follows the so-called ¢~ evolution (see
Leonard et al. 2006; Nagao et al. 2019), which corresponds to
the optical depth decreasing in an optically thin, homogeneously
expanding material. Although the number of SNe that have
observations in the tail phase is limited, this indicates that the
inner helium cores of Type II SNe are generally aspherical.
This implication is consistent with polarimetric observations of
stripped-envelope SNe (e.g., Patat et al. 2001; Kawabata et al.
2002; Tanaka et al. 2009; Maund et al. 2009; Reilly et al. 2016).

SNe 2013ej and 2017gmr, for which data are available
for both the photospheric and tail phases, show a constant
polarization angle throughout the observations. This implies a
global aspherical structure from the inner to outer parts of the
ejecta, which could be produced, for instance, by a collimated
explosion.

2.3. Characteristic value for the continuum polarization

In general, the polarization of Type II SNe shows low degrees
at early photospheric phases, and then increases to a ~1.0%
level at a certain time during the photospheric phase: some
SNe show an early rise, while in others this occurs just at the
end of the photospheric phase (see Fig. 12). The polarization
degree depends on the shape and asymmetry of the photosphere
and also on the viewing angle. On the other hand, the time of
the polarization rise corresponds to the time when the photo-
sphere recedes back to the outer edge of the aspherical struc-
ture, and it is therefore linked to the extent of this structure.
As the mass of the hydrogen envelope of Type II SNe pro-
genitors varies from object to object, to allow for a meaning-
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Table 3. Characteristic SN explosion properties from the SN photomet-
ric and spectroscopic properties.

Name M.; Eqn Ry
[(Mo] 10°! [ergs™'] [100R,]
SN 2017gmr ~ 5.32*}79 1.66708) 1.637487
SN 2013ej 13.20%32) 2.66%5% 23710
SN2012ec  12.45*259 1797047 21170718
SN2012aw  21.28*361  274*08  2,63*08]
SN 2008bk  17.88*32° 0.64+0%8 0.98*04
SN 2007aa 4.814:%:(3)% 0.46f81%§ 7.383?2
SN 20060v ~ 8.98*10:43 0.267037 2.58%43
SN 2004dj 7.35+3%8 0.617038 2.93738
SN 1999em  8.60*3 13 0.77933 6.06747¢

Notes. These values were estimated using Egs. (4)—(6).

ful comparison, we normalize the time of the polarization rise
to the length of the photospheric phase, and we adopt the time
of the polarization rise as a characteristic property of the con-
tinuum polarization (#,01). In practice, we estimate this time by
extrapolating using the first two points that start to show an
increase in polarization degree for the SNe in Groups 1 and 2
(see the left panel of Fig. 13). For the other SNe, whose data
do not show a clear polarization rise, we use the last data point
in the photospheric phase as an upper limit. The derived val-
ues of ;5] are shown in Table 1, together with other parameters
(see below).

3. Photometric and spectroscopic properties
3.1. Photometric properties

Figure 14 shows the light curves of our SN sample, which are
corrected for reddening (see Table 1 in Paper I). The SNe have
diverse properties in terms of brightness and duration of the pho-
tospheric phase. For characterizing the light-curve shapes, we fit
the time evolution of the absolute magnitude (M(#)) with the fol-
lowing artificial function, which is composed of two power-law
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functions and a sigmoid function (see Fig. 15):

M(z‘) = L?”ph + Mt
1+em
Sp [l - (lph — Wo)] (t< Iph — Wwo)
+40 (toh —wo <t <tpn +wo) (1)
sc[t=(tpn = wo)| (¢ = tphm + wo).

where M, ag, ton, Wo, Sp, and s, are free parameters. The best-fit
values for these parameters are summarized in Table 2 for each
SN.

As a characteristic value for the SN brightness, we adopt the
V-band absolute magnitude in the middle of the photospheric
phase (My(#ph/2)). In order to derive the typical value of the SN

bolometric luminosity from the V-band magnitude, we simply
assume a 6000 K black-body spectrum. The values of L(#,/2) con-
verted from M(t,,/2) are presented in Table 1. In order to derive
the Ni mass for each SN, which is also summarized in Table 1,
we adopt the empirical method proposed by Hamuy (2003)
using the following equations:

(lph +wo)/(1 +2)—6.1
111.26

My = (7.866 x 107*)L; exp Mo, (2)

where L, is the bolometric luminosity at ¢ = f,, + wp, which,

in turn, is estimated using the following empirical equation by

Hamuy (2001):

(M- Ay + BC) + 5log(10pc) — 8.14
25 ’

3)
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where for the bolometric correction (BC), we adopt the value
BC = 0.26 + 0.06 during the tail phase (Hamuy 2001).

In this work, we classify the SNe as Type IIP and IIL based on
the values of s,. The SNe with s, < 1 are classified as Type IIP,
while the others are classified as Type IIL. Here, the derived value
of s, for SN 20060v indicates it as a Type IIL SN in our criteria
(sp > 1; see Sect. 3.1). However, this is just due to the limited
photometric data during the photospheric phase (see Sect. 3.1).
The photometric and spectroscopic properties of SN 20060v in
Chornock et al. (2010) suggest a class of Type IIP. We therefore
classify it as a Type IIP SN in this work. As for the SNe that do
not have photometric observations (SNe 2010hv, 2010co, 2001du
and 2001dh), we label them as simply Type II in this paper. The
photometric classification of the SNe is shown in Table 1.

3.2. Spectroscopic properties

In this paper, we do not discuss the spectroscopic properties
of our sample. However, for the purposes of our analysis, we
extracted the expansion velocities. In particular, we derived
the ejecta velocity at the middle of the photospheric phase
derived using the Fe II 45169 line (v(t,n/2)), and used it as
a characteristic value. The velocities were estimated from the
absorption minima using the spectra presented in Paper I. For
SNe 2004dj and 1999em, we adopted the Fe velocity derived
by Takéts & Vinké (2012). The uncertainties on the absorption
minima position are evaluated from the spectral dispersion (e.g.,
~3.3 Apixel‘1 for G300V/FORS2/VLT). The derived velocities
are shown in Fig. 16 and the values of v(z;,/2) are provided in
Table 1.
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3.3. SN explosion properties

We estimate the basic SN physical properties (explosion energy:
E,, ejecta mass: M., and pre-explosion progenitor radius: R;)
from the SN photometric and spectroscopic properties (typical
luminosity: Ly, typical duration: 7, typical ejecta velocity: gy,
and the *°Ni mass: My;). Here, we are not interested in deriving
precise values for these physical quantities but rather in obtain-
ing some relative scales for the quantities. We therefore use a
simple one-zone model of homogeneously expanding gas with
radiative diffusion, as proposed by Kasen & Woosley (2009).
This is characterized by the following equations:

— 4drcosg T ~
174 7-1-3
Mej = tsann Usn> (4)
Kes
— 2ncosg T, —
I3 7-1-5
Eg = —tsann Usn» (5)
Kes
o Kes  —272—4 T-17=2
R, = _271-00—5 T—4 t Lo gy [1 — Lty (Enitni + ECotCo)], 6)
SB1;

where Eni =~ 0.6 x 109(Myi/Mo) erg and Ec, =~ 1.2 X
10°°(My;/My) erg are the total energy from °Ni and *°Co decay,
with decay times of fy; ~ 8.8 and #c, =~ 113 days, respec-
tively. Here, we simply assume that T = fohs Lsn = L(tpn/2),
and gy = v(tpn/2).

We note that, as we assume a constant brightness from radia-
tive diffusion, we cannot apply this analysis to Type IIL SNe
in general. However, SN 2013ej is also proposed as a Type IIP
SN based on its photometric and spectroscopic properties (e.g.,
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Dhungana et al. 2016). Moreover, its light curve is very simi-
lar to those of Type IIP SNe, except for the early bump dur-
ing the first ~40 days, which is understood to be the result of a
CSM interaction. We therefore conducted this analysis for the
Type IIP SNe for which photometric and spectroscopic infor-
mation is available (SNe 2017gmr, 2012ec, 2012aw, 2008bk,
2007aa, 20060v, 2004dj and 1999em) as well as for the Type IIL
SN 2013ej. The derived values for Eg,, M., and R, are summa-
rized in Table 3.

4. Relations between polarimetric, photometric
and spectroscopic properties

In this section, we discuss relations between the polarimetric,
photometric, and spectroscopic parameters of 11 SNe for which
both sets of observations are available (8 Type IIP and 3 Type IIL
SNe). Figure 17 shows the relations between the polarimetric

(tpo1) and photometric parameters (fpn, do, Wo, My, s, and s¢).
There seems to be no significant correlation between polariza-
tion degree and the other photometric parameters. However, the
brightness at the tail phase M; (and thus the °Ni mass; see
below) and the brightness gap between the photospheric and
tail phases (ag) might be correlated with #,, in Type IIP SNe,
although the limited sample does not allow any firm conclusions
to be made.

Figure 18 shows the relations between the polarimet-
ric parameter (f,,) and the characteristic values from the
photometric and spectroscopic observations (M(t,n/2), v(tph/2)
and My;). In the Type IIP sample, there may be some corre-
lations: SNe that are brighter and faster and contain a greater
amount of *®Ni tend to have more extended aspherical structures.
As the Type IIL sample is limited, we cannot conclude anything
about their behavior. However, these objects do not seem to fol-
low these correlations. We emphasize that the ejecta velocity
estimated from the Fe II absorption minimum is related to the
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ejecta velocity along the line of sight, and is therefore affected
by the viewing angle. Most SNe show peak polarization degrees
of ~1%, implying aspherical structures with a minimum ellip-
soidal axial ratio of 1.2:1.0. If the parts of the ejecta forming
the Fe II line have such an asphericity, the estimated veloci-
ties can have an uncertainty of +>10% simply because of the
uncertainties on the viewing angle. This effect is more impor-
tant for SNe that have more aspherical structures in the line-
forming regions, that is, in the outer parts of the ejecta above
the photosphere. Moreover, the Fe distribution does not neces-
sarily have to be consistent with the overall aspherical structure.
In some extreme cases, such as SN 2017gmr, there is a global
aspherical structure from the inner core to the outer envelope
that might be created by a jet-like explosion and might produce
a more aspherical Fe distribution. A larger sample is required to
statistically confirm this correlation between the ejecta veloc-
ity and the polarimetric parameter taking into account this
effect.

Figure 19 shows the relations between the polarimetric prop-
erty (fpo1) and the SN explosion parameters (M., Eej, Rp).
The polarimetric property (t,01) is correlated with the explo-

sion energy (Eej) rather than with the ejecta mass (Mej) and the

progenitor radius (R;,): More energetic SNe tend to have more
extended aspherical structure in their explosions. We finally
note that the absolute values of the SN explosion parameters
are not accurate because of limitations to the one-zone model
(see Sect. 3.3). Therefore, only a relative comparison between
the various SNe is possible. In addition, the largest uncertainties
for the SN explosion parameters come from the uncertainty on
the viewing angles, which translates to a significant uncertainty
on the expansion velocities.

5. Conclusions

In this article, we present an investigation of the continuum
polarization of 15 Type II SNe. Our analysis shows that the
objects in the sample have diverse properties. Most SNe show
low polarization at early phases with a sudden rise to a degree of
~1% at a certain point during the photospheric phase, followed
by a slow decline during the tail phase, with a constant polariza-
tion angle. The timing of the polarization rise varies between
SNe. We interpret this as the signature of different explosion
geometries: some SNe have aspherical structures only in their
helium cores, while the asphericity of other SNe reaches out to a
significant part of the outer hydrogen envelope, with a common
axis through the helium core and the hydrogen envelope. Some
SNe show high polarization already at early phases and a change
in polarization angle. This indicates multidirectional aspherical
structures in their explosions, which might originate from a com-
bination of a common aspherical SN explosion and an aspherical
CSM interaction or from a multidirectional SN explosion. An
exception in our sample is the Type IIL SN 2017ahn, which has
low polarization during both the photospheric and tail phases.
As this object is unique in our sample, we cannot conclude as to
whether this SN is produced by a completely spherical explosion
or is simply the result of a different viewing angle for a similarly
aspherical explosion.

The timing of the polarization rise in Type IIP SNe appears to
be correlated with their brightness, ejecta velocity, and Ni mass:
SNe with higher brightness, higher ejecta velocity, and greater
Ni production show more extended asphericities. In particular,

All, page 14 of 25

there is a clear correlation between the timing of the polariza-
tion rise and the explosion energy: the asphericity in the explo-
sions is proportional to the explosion energy (see Sect. 4 and
Fig. 19). This implies that the emergence of a global aspherical
structure, such as a jet-like structure, might be the key ingre-
dient in the explosion mechanism that produces an energetic
SN.
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Appendix A: Polarization degrees and angles of the
continuum polarization for the VLT sample

Table A.1. SN 2017gmr

Date MIJD Phase® Days from explosion Pol. degree Pol. angle
(uT) (days) (days) (days) (per cent) (degrees)
2017-10-19.60  58045.60 —46.41 +46.51 0.18+0.01 87.5+2.0
2017-11-10.24  58067.24 -24.77 +68.15 0.71+0.02 934+0.7
2017-12-12.86  58099.86  +7.85 +100.77 0.81 +£0.01 99.7+0.7
2017-12-21.76  58108.76  +16.75 +109.67 0.59+0.01 97.4+0.7
2018-01-16.93  58134.93 +42.92 +135.84 0.39+0.02 939+2.1

Table A.2. SN 2017ahn

Date MID Phase® Days from explosion Pol. degree Pol. angle
U1 (days) (days) (days) (per cent) (degrees)
2017-03-24.75 57836.75 —-16.63 +44.99 0.13+0.02 11.0+34
2017-03-31.38  57843.38 —10.00 +51.62 0.09+0.03 282+43
2017-04-24.06 57867.06 +13.68 +75.30 0.16 £+ 0.07 29.4+6.0
2017-04-28.73 57871.73  +18.35 +79.97 0.15+0.08 39.2+6.8

Table A.3. SN 2013ej

Date MID Phase® Days from explosion Pol. degree Pol. angle
um) (days) (days) (days) (per cent) (degrees)
2013-08-01.38  56505.38 -91.99 +8.48 0.40 (0.00) = 0.01 78.4(-) £ 0.6
2013-08-27.28  56531.28 —66.09 +34.38 0.75(0.37) £ 0.01  84.0 (90.0) = 0.3
2013-09-17.21 56552.21 -45.16 +55.31 1.03 (0.67) £ 0.01  88.9(94.9) £ 0.2
2013-09-29.24 56564.24 -33.13 +67.34 1.24 (0.90) £ 0.01  92.1(97.9) £ 0.2
2013-10-29.23  56594.23  -3.14 +97.33 1.19 + 0.01 97.2+0.3
2013-12-04.56  56630.56 +33.19 +133.66 0.54 £ 0.02 106.1 £ 1.5
2014-01-09.38  56666.38 +69.01 +169.48 0.64 +0.05 123.5+3.6

Table A.4. SN 2012ec

Date MJD Phase® Days from explosion Pol. degree  Pol. angle
(UT) (days) (days) (days) (per cent) (degrees)

2012-09-08.28 56178.28 —71.42 +35.28 0.05+0.02 131.5+59
2012-09-25.21 56195.21 —-54.49 +52.21 0.12+0.02 1345 =+5.1
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Date MID Phase® Days from explosion Pol. degree Pol. angle
(UT) (days) (days) (days) (per cent) (degrees)
2012-07-18.03  56126.03 —-94.35 +16.40 +21.05 0.05+0.01 763+39
2012-08-11.98 56150.98 —-69.40 + 16.40 +46.00 025+0.02 21.5+22
2012-08-24.99 56163.99 —-56.39 +16.40 +59.01 0.12+0.03 173.0+6.7
2012-08-27.01 56166.01 —54.37 +16.40 +61.03 0.19+0.05 173.7+5.2
Table A.6. SN 2012aw
Date MJD Phase® Days from explosion Pol. degree  Pol. angle
UuT) (days) (days) (days) (per cent) (degrees)
2012-04-01.19 56018.19 -117.74 +16.09 0.35+0.01 348+1.5
2012-05-01.04 56048.04 —87.89 +45.94 0.31+0.02 22.8+2.6
2012-05-18.07 56065.07 —70.86 +62.97 0.15+0.01 863+1.6
2012-05-27.01 56074.01 —-61.92 +71.91 0.16 £+ 0.01 102.6 +£3.3
2012-06-16.03 56094.03  —41.90 +91.93 045+0.01 117.8+0.5
2012-07-02.01 56110.01 —-25.92 +107.91 0.75+0.01 124.1+04
2012-07-15.98 5612398 -11.95 +121.88 1.00+0.03 1263 =+1.4
Table A.7. SN 2010hv
Date MID Phase® Days from explosion Pol. degree  Pol. angle
U1 (days) (days) (days) (per cent) (degrees)
2010-09-21.15 55460.15 -73.45+244 +41.95 + 8.00 0.06 £0.05 89.5+4.6
2010-09-24.14  55463.14 -70.46 +24.4 +44.94 + 8.00 0.11£0.05 120.6 +4.1
2010-10-15.07 55484.07 -49.53 +24.4 +65.87 = 8.00 0.06 +0.04 40.8+44
2010-11-29.56  55529.56 —4.04 +24.4 +111.36 + 8.00 0.11+0.02 18.1 £3.7
Table A.8. SN 2010co
Date MJD Phase® Days from explosion Pol. degree Pol. angle
(UT) (days) (days) (days) (per cent) (degrees)
2010-06-05.73  55352.73 -73.27 +27.90 +42.13 £ 11.50 021 +£0.06 115.1+4.2
2010-07-08.21  55385.21 —40.79 +27.90 +74.61 = 11.50 0.83+£0.10 1752+5.2
Table A.9. SN 2008bk
Date MID Phase® Days from explosion Pol. degree Pol. angle
UuT) (days) (days) (days) (per cent) (degrees)
2008-06-02.36  54619.36  —60.24 +69.86 0.19+0.01 148325
2008-07-01.31 54648.31 -31.29 +98.81 044 +0.01 1422+09
2008-07-24.29 5467129  -8.31 +121.79 0.23+0.01 133.6+0.8
2008-07-30.28  54677.28  -2.32 +127.78 0.31+0.01 117.6+2.0
2008-08-06.25 54684.25  +4.65 +134.75 043+0.01 1023 +1.0
2008-09-28.10  54737.10  +57.50 +187.60 1.17+0.01 1263 +04
2008-11-19.03  54789.03 +109.43 +239.53 035+0.02 112.7+1.9
2008-12-20.04 54820.04 +140.44 +270.54 0.32+0.02 108.2+2.5
2009-01-01.04 54832.04 +152.44 +282.54 0.32+0.03 1109+2.7
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Date MID Phase® Days from explosion Pol. degree  Pol. angle
(UT) (days) (days) (days) (per cent) (degrees)
2001-08-30.32  52151.32 —109.28 + 16.90 +6.12 + 0.50 0.05+0.04 143.6+10.2
2001-09-13.36 5216536  —95.24 +16.90 +20.16 £ 0.50 0.13 +0.04 3.7+85
Table A.11. SN 2001dh
Date MIJD Phase® Days from explosion Pol. degree Pol. angle
(UT) (days) (days) (days) (per cent) (degrees)
2001-08-10.18 52131.18 —83.72 +29.80 +31.68 + 13.40 097 +0.05 154.6+1.9
2001-08-19.16  52140.16 -74.74 +29.80 +40.66 + 13.40 0.89 +0.05 151.8+2.3
2001-08-29.05 52150.05 —-64.85+29.80 +50.55 £ 13.40 0.74 +£0.07 154.7+4.0
2001-09-11.09 52163.09 -51.81 +29.80 +63.59 + 13.40 0.70 £0.14 1622 +8.0
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Appendix B: Spectropolarimetric data for the FORS/VLT sample
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Fig. B.1. Spectropolarimetry of SN 2017gmr after ISP subtraction. The red hatching shows the adopted wavelength range for the continuum
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Fig. B.6. Same as Figure B.1, but for SN 2012aw.
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Fig. B.7. Same as Figure B.1, but for SN 2010hv.
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Fig. B.8. Same as Figure B.1, but for SN 2010co.
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Fig. B.9. Same as Figure B.1, but for SN 2008bk.
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