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ABSTRACT

The origin of the diverse light-curve shapes of Type II supernovae (SNe), and whether
they come from similar or distinct progenitors, has been actively discussed for decades.
Here we report spectropolarimetry of two fast declining Type II (Type IIL) SNe:
SN 2013ej and SN 2017ahn. SN 2013ej exhibited high continuum polarization from
very soon after the explosion to the radioactive tail phase with time-variable po-
larization angles. The origin of this polarimetric behavior can be interpreted as the
combination of two different aspherical structures, namely an aspherical interaction of
the SN ejecta with circumstellar matter (CSM) and an inherently aspherical explosion.
Aspherical explosions are a common feature of slowly declining Type II (Type IIP)
SNe. By contrast, SN 2017ahn showed low polarization not only in the photospheric
phase but also in the radioactive tail phase. This low polarization in the tail phase,
which has never before been observed in other Type IIP/L SNe, suggests that the ex-
plosion of SN 2017ahn was nearly spherical. These observations imply that Type IIL
SNe have, at least, two different origins: they result from stars that have different ex-
plosion properties and/or different mass-loss processes. This fact might indicate that
13ej-like Type IIL SNe originate from a similar progenitor to those of Type IIP SNe
accompanied by an aspherical CSM interaction, while 17ahn-like Type IIL SNe come
from a more massive progenitor with less hydrogen in its envelope.

Key words: supernovae: general – supernovae: individual: SN 2013ej, SN 2017ahn –
techniques: polarimetric

⋆ Based on observations made with ESO Telescopes at the La
Silla Paranal Observatory under Program IDs 091.D-0401 and
098.D-0852.
† E-mail: takashi.nagao@utu.fi

1 INTRODUCTION

Type II supernovae (SNe), which are core-collapse explosions
of massive stars, have been historically divided into Type IIP
(plateau) and Type IIL (linear) according to their light-
curve (LC) shapes (e.g., Barbon, Ciatti, & Rosino 1979;
Filippenko 1997). Type II SNe show spectra with contin-
uum radiation superimposed by P Cygni lines until ∼ 100 d
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after the explosion (the photospheric phase), and spectra
dominated by emission lines (the tail phase) after a sudden
luminosity drop. During the photospheric phase, Type IIP
SNe have constant magnitude in the R bands, while Type IIL
SNe show a rapid luminosity decline. The observed frac-
tions of Type IIP and IIL in a volume-limited sample are
∼ 70 per cent and ∼ 10 per cent of all Type II SNe, respec-
tively (Li et al. 2011). It has been suggested that the two
types differ also in other observational properties in addition
to the LC shapes. For example, Type IIL SNe have higher
peak luminosity (e.g., Patat et al. 1993, 1994; Li et al. 2011;
Anderson et al. 2014a; Faran et al. 2014a,b; Sanders et al.
2015; Valenti et al. 2016; de Jaeger et al. 2019), shorter pho-
tospheric phases (e.g., Gutiérrez et al. 2017; de Jaeger et al.
2019), higher expansion velocities (e.g., Faran et al. 2014b)
and less pronounced P Cygni Hα profiles (e.g., Patat et al.
1994; Schlegel 1996; Gutiérrez et al. 2014) than Type IIP
SNe. However, the classification between Type IIP and
IIL SNe is ambiguous. In fact, there have been claims of
a continuous transition from Type IIL to IIP SNe (e.g.,
Anderson et al. 2014a; Sanders et al. 2015; Valenti et al.
2016).

Historically, these different appearances have been in-
terpreted in terms of different amounts of hydrogen in
the envelopes of their progenitors (red supergiant stars;
RSGs) at the time of explosion owing to different mass-
loss histories. That is, SNe with smaller hydrogen en-
velopes should show steeper luminosity decline in the
photospheric phase and so appear as Type IIL SNe
(e.g., Barbon, Ciatti, & Rosino 1979; Blinnikov & Bartunov
1993; Nomoto, Iwamoto, & Suzuki 1995; Morozova et al.
2015; Moriya et al. 2016). As a cause of the reduced hy-
drogen envelope, two main mechanisms have been pro-
posed: stellar wind mass loss from single massive stars and
mass loss due to interaction with a companion star. In
the former case, the origin of the different appearances of
Type II SNe is attributed to different initial mass and/or
metallicity of their progenitor stars. Stars with higher mass
and/or higher metallicity will produce more Type IIL-like
SNe because of the stronger stellar-wind-induced mass loss
(e.g., Heger et al. 2003). However, it has been suggested
that this scenario has difficulties to explain the fraction of
Type IIL SNe among all Type II SNe (e.g., Heger et al.
2003). In the case of envelope stripping in a binary, the
diversity is supposed to be due to different binary prop-
erties (e.g., Nomoto, Iwamoto, & Suzuki 1995). Stars in bi-
naries with shorter initial separation and/or higher mass
ratio explode in a smaller hydrogen envelope because of
the stronger interaction (e.g., Yoon, Dessart, & Clocchiatti
2017; Ouchi & Maeda 2017). In this case, the zero-age-main-
sequence masses of the progenitor stars are considered to be
common for Type IIP and IIL SNe. Therefore, the under-
lying explosion physics should be common to both types.
We note that, in the Local Group, most massive stars are
formed in binary systems and, during the course of their
evolution, a large fraction goes through phases of interac-
tion (e.g., Sana et al. 2012).

Based on radiation hydrodynamics simulations,
Morozova, Piro, & Valenti (2017) recently demonstrated
that explosions of ordinary RSGs differing merely in the
mass and distribution of the circumstellar matter (CSM)
can reproduce the LC diversity in Type II SNe (with

mass-loss rates of ∼ 0.1–0.2 M⊙ yr−1 over a few months to
years and CSM extents of ∼ 2100–2300 R⊙). Furthermore,
Hillier & Dessart (2019) modeled the LCs and optical
spectra of Type II SNe using RSG progenitors that have
not only different masses and CSM distributions but also
different H-rich envelope masses. From the comparison
of the models with observations, they concluded that
differences in hydrogen envelope mass alone, which is the
classical explanation, cannot quantitatively reproduce the
LC diversity, and thus that CSM interaction is necessary.

To explain the presence of major amounts
of CSM close to the progenitors, mass-ejection
due to binary interaction (e.g., Chevalier 2012;
Soker & Kashi 2013; Yoon, Dessart, & Clocchiatti
2017; Ouchi & Maeda 2017) and mass-loss due to stel-
lar instabilities (e.g., Humphreys & Davidson 1994;
Langer, Garćıa-Segura, & Mac Low 1999; Yoon & Cantiello
2010; Arnett & Meakin 2011; Quataert & Shiode
2012; Shiode & Quataert 2014; Smith & Arnett 2014a;
Woosley & Heger 2015; Quataert et al. 2016; Fuller 2017;
Ouchi & Maeda 2019), have been proposed. By contrast,
mass-loss due to a stellar wind is not a viable mechanism
because it cannot explain the implied short times in which
large amounts of CSM need to be piled up in the vicinity of
the progenitors. In the case of binary interaction, the same
explanation as for the envelope stripping is applicable. Stars
in binaries with shorter initial separation and/or higher
mass ratio have denser nearby CSM due to the stronger
interaction. Similarly, the zero-age-main-sequence masses
of the progenitor stars are supposed to be common for
Type IIP and IIL SNe, and thus the underlying explosion
physics should be common to both types. Losses induced
by stellar instabilities seem to apply only to some very
specific types of progenitors undergoing major mass-loss
episodes at the end of their lives, i.e., shortly before the SN
explosion, although the exact nature of these objects is still
not clear. Therefore, in this case, the underlying explosions
are expected to be different between Type IIP and IIL
SNe. In fact, there are indications that correlations between
the circumstances of the explosion and the LC shapes in
Type II SNe do exist. Morozova, Piro, & Valenti (2018)
have extended their previous work by calculating the LCs of
Type II SNe using RSGs that have not only different CSM
masses and distributions but also different stellar masses
and explosion energies. By deriving the properties of the
progenitors and their CSM from observations, they found
possible correlations between CSM mass and explosion
energy and between CSM radial extent and progenitor
mass.

Revealing the explosion geometries of Type II SNe is
key to understanding the origin of their observed diversity.
Polarimetry of Type IIP SNe has found that their ejecta
generally have aspherical structures especially in the in-
ner core, occasionally extending also to the hydrogen enve-
lope (e.g., Leonard et al. 2001, 2006; Chornock et al. 2010;
Nagao et al. 2019; Wang & Wheeler 2008, for a review).
Recently, Nagao et al. (2019) reported an unprecedented,
highly-extended aspherical explosion in the Type IIP SN
2017gmr indicated by an early rise of polarization, i.e., asym-
metries are present not only in the helium core but also in
a substantial portion of the hydrogen envelope. This im-
plies a very aspherical explosion (e.g., a jet-driven explo-
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sion; Khokhlov et al. 1999). On the other hand, because of
their low abundance, Type IIL SNe have not been subject
to extensive polarimetric observations especially during the
faint tail phase. The only case of a Type IIL SN that has
been observed with polarimetry in the tail phase is SN 2013ej
(Kumar et al. 2016), where R-band imaging polarimetry has
been conducted. However, it displayed some intermediate
properties between those of Type IIP and IIL SNe (e.g.,
Bose et al. 2015; Huang et al. 2015; Dhungana et al. 2016;
Valenti et al. 2016; Yuan et al. 2016). SN 2013ej exhibited
high continuum polarization at the photospheric (∼ 1 per
cent) and tail phase (∼ 2 per cent) (Kumar et al. 2016;
Mauerhan et al. 2017), which implies an aspherical explo-
sion like those of Type IIP SNe.

In this study, we present multi-epoch spectropolarime-
try of two Type IIL SNe, SN 2013ej and SN 2017ahn,
obtained with the Very Large Telescope (VLT). In the
analysis, we restrict ourselves to the continuum polar-
ization. SN 2013ej was discovered by the Lick Observa-
tory Supernova Search on 25.45 July 2013 UT (56498.45
MJD; Kim et al. 2013). It is located in Messier 74
(Galaxy Morphology: SA(s)c; from NED1) at z = 0.002192±

0.000003 and receding with a velocity of vgal = 657 ± 1

km s−1 (Lu et al. 1993). The object was not detected
on 23.54 July 2013 UT (56496.54 MJD; Shappee et al.
2013). We adopt MJD 56496.9 as an estimated explo-
sion date (Dhungana et al. 2016). SN 2017ahn was dis-
covered by the ‘Distance Less Than 40 Mpc’ supernova
search (DLT40; Tartaglia et al. 2018) on 8.29 February 2017
UT (57792.29 MJD; Tartaglia et al. 2017). It is located
in NGC 3318 (Galaxy Morphology: SAB(rs)b; from NED)
at z = 0.009255 ± 0.000021 and receding with a velocity of
vgal = 2775±6 km s−1 (from the HIPASS Catalog via NED).
The object was classified as a Type II SN within a day after
discovery (Hosseinzadeh et al. 2017). The last non-detection
of the object was on 7.23 February 2017 UT (57791.23 MJD),
i.e. about one day before the discovery (Tartaglia et al.
2017). We adopt MJD 57791.76 as an estimated explosion
date (Tartaglia et al. 2021).

In the following section, we provide details of the obser-
vations and data reduction processes. Section 3 describes the
methods used to correct the observations for reddening and
interstellar polarization. Section 4 presents and discusses the
results, and the conclusions follow in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

We obtained spectropolarimetry of the Type IIL SN 2017ahn
with the FOcal Reducer/low-dispersion Spectrograph 2
(hereafter FORS2; Appenzeller et al. 1998) mounted at the
Cassegrain focus of VLT UT1. The observations were con-
ducted from ∼ 45 to ∼ 80 days after the discovery and cover
the photospheric phase and the transition phase to the tail
phase. The observing log is presented in Table 1, where
the phase is measured from the end of the photospheric
phase, t0. This was calculated using the V -band LC taken
from Tartaglia et al. (2021), as in Valenti et al. (2016), i.e.,

1 NASA/IPAC Extragalactic Database

as the midpoint of the luminosity drop from the photo-
spheric to the tail phase: t0 = 57853.38 (MJD). It is noted
that this definition of t0 and the phases derived from it dif-
fer from those presented in Nagao et al. (2019). We also
analyzed the spectropolarimetric data of SN 2013ej taken
with FORS2/VLT, which we obtained from the ESO Sci-
ence Archive Facility. The observing log is presented in Ta-
ble 2, where the phase is counted from the end of the pho-
tospheric phase, t0 = 56597.37 (MJD). This was determined
as for SN 2017ahn, using the V -band LC from the Lick Ob-
servatory Supernova Search program (de Jaeger et al. 2019).
The data of the V -band LC of SN 2013ej were retrieved from
the Berkeley SuperNova DataBase (SNDB; Silverman et al.
2012).

The details of the spectropolarimetry and its analy-
sis are the same as in Nagao et al. (2019): in FORS2, the
spectrum generated by a grism is divided by a Wollaston
prism into two beams with orthogonal polarization direc-
tions, i.e., the ordinary (o) and extraordinary (e) beams.
The beam splitter is coupled to a half-wave retarder plate
(HWP), which enables to measure the mean electric field
intensity along different angles on the plane of the sky.
For our observations, the optimal angle set 0◦, 22.5◦, 45◦

and 67.5◦ was adopted (see Patat & Romaniello 2006, for
more details). The HWP angle is measured as an angle
between the fast axis of the HWP and the acceptance
axis of the ordinary beam in the Wollaston prism, which
is aligned to the north-south direction. As the dispersive
element, we used the low-resolution G300V grism, which
gave a spectral range of 3800 − 9200 Angstrom, a disper-
sion of ∼ 3.3 Angstrom pixel−1, and a resolution of ∼ 10

Angstrom (FW HM) at ∼ 5800 Angstrom. The data were re-
duced with IRAF2 using the normal methods as described,
e.g., in Patat & Romaniello (2006). We extracted the or-
dinary and extraordinary beams of the spectropolarimetric
data with a fixed aperture size of 10 pixels, and then re-
binned the extracted spectra to 50 Angstrom bins in order
to improve the signal-to-noise ratio. Using the table data
in Jehin et al. (2005), we corrected the HWP zero-point an-
gle chromatism. We corrected the wavelength scale to the
rest frame based on the galaxy redshift after subtracting the
interstellar polarization (ISP). Finally, using the standard
method described in Wang, Wheeler, & Höflich (1997), we
subtracted the polarization bias in the polarimetric spectra.

3 REDDENING AND INTERSTELLAR

POLARIZATION

We adopted the Milky Way (MW) reddening val-
ues of E(B − V ) = 0.061 mag and E(B − V ) = 0.069

mag towards SN 2013ej and SN 2017ahn, respectively
(Schlafly & Finkbeiner 2011). The extinction within the
host galaxy of SN 2017ahn is assumed as E(B−V )∼ 0.2 mag
derived by Tartaglia et al. (2021) using NaI D lines based on
Poznanski, Prochaska, & Bloom (2012). For SN 2013ej, we
ignored the reddening within the host galaxy, because no Na

2 IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.

MNRAS 000, 1–14 (2021)
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Table 1. Log of the VLT/FORS2 observations of SN 2017ahn

Date MJD Phasea Days from explosionb Airmass Exp. time Pol. degree Pol. angle

(UT) (days) (days) (days) (average) (s) (per cent) (degrees)

2017−03−24.75 57836.75 −16.63 +44.99 1.1 4×2076 0.09±0.07 27.9±20.3

2017−03−31.38 57843.38 −10.00 +51.62 1.2 4×2076 0.11±0.09 50.6±28.2

2017−04−24.06 57867.06 +13.68 +75.30 1.1 4×2076 0.16±0.14 43.4±34.5

2017−04−28.73 57871.73 +18.35 +79.97 1.2 4×2076 0.18±0.15 51.7±35.4

Notes. aRelative to t0 = 57853.38 (MJD), which is the time of the end of the photospheric phase. bRelative to t = 57791.76

(MJD), which is the estimated time of the explosion. The error bars of the polarization degrees and angles represent the
photon shot noise per bin. The error estimates do not include systematic effects such as the determination of the ISP.

Table 2. Log of the VLT/FORS2 observations of SN 2013ej

Date MJD Phasea Days from explosionb Airmass Exp. time Pol. degree Pol. angle

(UT) (days) (days) (days) (average) (s) (per cent) (degrees)

2013−08−01.38 56505.38 −91.99 +8.48 1.4 4×720 0.48(0.00)±0.04 72.3(−)±3.3

2013−08−27.28 56531.28 −66.09 +34.38 1.5 4×900 0.81(0.37)±0.07 80.1(90.0)±1.2

2013−09−17.21 56552.21 −45.16 +55.31 1.5 4×920 1.07(0.68)±0.19 85.6(94.9)±1.5

2013−09−29.24 56564.24 −33.13 +67.34 1.4 4×1480 1.26(0.91)±0.21 89.3(98.0)±1.8

2013−10−29.23 56594.23 −3.14 +97.33 1.4 4×1800 1.19±0.21 94.2±3.7

2013−12−04.56 56630.56 +33.19 +133.66 1.4 4×3650 0.52±0.13 99.5±11.6

2014−01−09.38 56666.38 +69.01 +169.48 1.5 4×1800 0.55±0.24 119.5±15.9

Notes. aRelative to t0 = 56597.37 (MJD), which is the time of the end of the photospheric phase. bRelative to t = 56496.90

(MJD), which is the estimated time of the explosion. The values in brackets for the polarization degree and angle refer
to the continuum polarization after subtraction of the interaction component, i.e., they concern the aspherical explosion
component. The error bars of the polarization degrees and angles represent the photon shot noise per bin. The error
estimates do not include systematic effects such as the determination of the ISP.

I D lines from the host were detected (Valenti et al. 2014).
The empirical relation by Serkowski, Mathewson, & Ford
(1975) indicates that the total ISP can reach ∼ 0.7 and ∼ 3.0
per cent for SN 2013ej and SN 2017ahn, respectively. These
upper limits can be realized only when all dust grains con-
tributing to the extinction are aligned in the same direction.
In a more realistic approach, we estimate the ISP component
from the polarization spectra using the same method as in
Nagao et al. (2019), i.e., assuming complete depolarization
at the emission peaks of strong P Cygni lines.

Figures 1 and 2 show polarization spectra of SN 2013ej
(phases -33.13 and +33.19 days) and SN 2017ahn (phases
-10.00 and +13.68 days), respectively, before ISP subtrac-
tion (polarization spectra for all epochs of our data are pro-
vided in Figs. A1 [SN 2013ej] and A2 [SN 2017ahn] in Ap-
pendix A). The error bars of the polarization degrees and
angles represent the photon shot noise per bin. It is noted
that the error estimates do not incorporate systematic effects
such as the determination of the ISP. The emission peaks of
the strong emission lines (e.g., Hα, Ca II triplet, etc.) show
non-zero polarization that has a different angle from that
in the other wavelength regions. This demonstrates the ex-
istence of another component with a different polarization
angle from the intrinsic SN component. We assumed this
non-intrinsic component as the ISP. The polarization angles
around the emission peaks are around 110 and 120 degrees

for SN 2013ej and SN 2017ahn, respectively, which we as-
sume are the ISP angles. The ISP angle of SN 2017ahn seems
to be aligned with the nearby spiral arm in the host galaxy,
while that of SN 2013ej seems to be perpendicular.

The ISP wavelength dependency was obtained by
fitting all the polarimetric data with the Serkowski
function (Serkowski, Mathewson, & Ford 1975): P(λ ) =
Pmax exp

[

−K ln2 (λmax/λ )
]

, restricting the fit to wavelength
windows where the error range of the polarization angle
overlaps with the 5 degree range assumed for the ISP angle
and where the flux is > 1.1 times higher than in the nearby
continuum region (see the blue hatching in Figs. 1 and 2).
The best-fit values for the fitting parameters are: Pmax = 1.32

per cent, λmax = 3300 Angstrom and K = 1.0 (SN 2013ej)
and Pmax = 2.05 per cent, λmax = 200 Angstrom and K = 0.1
(SN 2017ahn; see red lines in Figs. 1 and 2). With these
numbers, PISP, QISP and UISP at λ = 8000 Angstrom are 0.60,
−0.46 and −0.39 per cent for SN 2013ej, and 0.53, −0.26 and
−0.46 per cent for SN 2017ahn, respectively. It is noted that
the derived values of λmax and K for SN 2017ahn are extreme
compared with the extinction for MW stars (λmax ∼ 6000 and
K ∼ 1.0; e.g., Whittet et al. 1992), but they are just best-fit
values. In fact, the range of the 90 per cent confidence level
also includes more familiar values (see Nagao et al. 2021 [in
prep.] for details on the ISP components). For example, in
the above fitting, we obtain Pmax = 0.61 per cent with fixed

MNRAS 000, 1–14 (2021)
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SN 2013ej and SN 2002ap is negligible. Their values of PISP

and θISP are somewhat different from our values derived di-
rectly from the spectropolarimetry of SN 2013ej (PISP = 0.60

per cent and θISP = 110 degrees at λ = 8000 Å). From
spectropolarimetric observations of SN 2002ap, Wang et al.
(2003) pointed out that the host ISP towards SN 2002ap
dominates over the MW ISP. On the other hand, the major
extinction towards SN 2013ej should originate from MW
dust, as indicated by the Na line (see above). Thus, contrary
to SN 2002ap, the MW ISP might be stronger than the
host ISP towards SN 2013ej. Even if the main origin of the
ISP towards SN 2013ej is the relatively little dust in the
host galaxy, owing to the ∼ 8 kpc physical distance between
SN 2013ej and SN 2002ap the line-of-sight dust in the host
may have different properties. Therefore, the ISP adopted
by Mauerhan et al. (2017) might not be appropriate for
SN 2013ej. In fact, after ISP subtraction, the emission peaks
in the polarimetric spectra of Mauerhan et al. (2017) do not
reach the zero level (see Fig. 2 in Mauerhan et al. (2017)).
On the other hand, Kumar et al. (2016), for SN 2013ej,
used the MW ISP derived from the broadband imaging
polarimetry of foreground stars in the vicinity of the SN
position (PISP = 0.64 per cent and θISP = 108.1 degree in the
R band). These values are similar to our estimates.

4 RESULTS AND DISCUSSION

4.1 SN 2013ej

Figure 3 presents the polarization degree and angle of
SN 2013ej after ISP subtraction. Especially in the redder
wavelength region (e.g., & 6000 Angstrom), SN 2013ej shows
continuum polarization with a constant polarization angle at
all epochs whereas the continuum polarization especially in
the bluer wavelength region (e.g., . 6000 Angstrom) is heav-
ily contaminated by line polarization. For the determination
of the continuum polarization, we adopted the wavelength
ranges between 6800 and 7200 Angstrom as well as between
7820 and 8140 Angstrom, following Chornock et al. (2010,
see the red hatched region in Fig. 3). Mean values of the
continuum polarization in these wavelength regions are pre-
sented in Table 2 and Fig. 4. As can be seen in Fig. 3, there is
intrinsic scatter across the adopted continuum regions that
exceeds the photon shot noise. This indicates the presence
of other components such as line polarization so that pho-
ton shot noise is not a sufficient basis for error estimates.
Therefore, for the calculation of the errors of the continuum
polarization, we adopt the square root of the squared sums
of the photon noise and of the standard deviation of the 50-
Angstrom-binned data in the continuum regions. The results
are included in Table 2.

We note that our values of the continuum po-
larization are slightly different from the previous re-
sults by Mauerhan et al. (2017) and Kumar et al. (2016).
Mauerhan et al. (2017) presented spectropolarimetry of the
photospheric phase taken with the Shane 3m reflector and
the Kast spectrograph at Lick Observatory and reported a
higher polarization degree and different polarization angles
(see the cyan filled circles in Fig. 4). To check this discrep-
ancy, we calculated the continuum polarization from our
data with the same ISP and continuum region (the wave-
length range between 7800 Angstrom and 8150 Angstrom)

as used by Mauerhan et al. (2017). Since their adopted con-
tinuum region is too narrow to evaluate the scatter of the
50-Angstrom binned data, we adopted the same errors as in
Table 2 for the calculated polarization degrees and angles.
The results are closer to their values, although the derived
polarization angles are still different from theirs (see the
cyan open circles in Fig. 4). Mauerhan et al. (2017)’s own
error estimates only include the photon noise. However, as
for our observations, this is almost certainly an underesti-
mate. In summary, we conclude that the discrepancy can
be attributed to the different ISP assumptions and to the
different error estimations. But the different data quality
imprinted by the different light-collecting areas of the tele-
scopes may also be a relevant factor.

Kumar et al. (2016) presented R-band imaging po-
larimetry in the tail phase. Their derived values for the con-
tinuum polarization are substantially different from ours and
also from those in Mauerhan et al. (2017, see Fig. 4), and
their observations have large uncertainties. Especially for
the first and last epochs, the measurements by Kumar et al.
(2016) are inconsistent with ours. Since they use broad-band
imaging polarimetry, the impact of non-photon-shot noise
should be larger. In fact, their published polarization an-
gles scatter by more than the error bars, which indicates
that the uncertainties might be a bit larger than reported.
In conclusion, the VLT observations appear to be the most
reliable. Therefore, we base our discussion of the continuum
polarization of SN 2013ej and its evolution on these data
only.

During the early photospheric phase, SN 2013ej exhib-
ited a high continuum polarization level that was never
before observed in other Type IIP/L SNe. The polar-
ization increased through the end of the photospheric
phase, and the polarization angle also changed. When the
SN entered the tail phase, the polarization degree de-
creased. There are two possible sources of continuum po-
larization in Type II SNe: electron scattering in an as-
pherical photosphere (the aspherical-photosphere scenario)
and dust scattering in asymmetrically distributed circum-
stellar matter (the dust scattering scenario; see also the
discussion in Nagao et al. 2019, and references therein).
Nagao, Maeda, & Tanaka (2018) have demonstrated that
the wavelength dependence of the continuum polarization
in the dust scattering scenario is always different from
that in the aspherical photosphere scenario. The polariza-
tion expected from an aspherical photosphere is wavelength-
independent, because electron scattering does not depend
on wavelength. On the other hand, the polarization by
dust scattering always carries some wavelength dependence.
Roughly speaking, the polarization is higher in the shorter
wavelength region up to the wavelength where the optical
depth of the CSM is ∼ 2.0. Below this wavelength, the polar-
ization decreases towards shorter wavelengths due to mul-
tiple scattering (Nagao, Maeda, & Tanaka 2018). In most
cases of the CSM expected from red supergiants (e.g., with
a mass-loss rate of . 10−5 M⊙yr−1; Smith 2014b), the polar-
ization, in the optical bands, is higher in the shorter wave-
length region. Since the polarization spectra for SN 2013ej
do not show such wavelength dependence in the wavelength
region without lines at any epoch (Fig. 3), we conclude that
the detected polarization is produced by an aspherical pho-
tosphere.
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Figure 3. Polarization degree (left) and angle (right) of SN 2013ej after ISP subtraction at different epochs (increasing from top to bottom
as labeled). The gray lines in the background of each plot are the unbinned flux spectra at the same epochs. The red hatching shows the
adopted wavelength range for the continuum polarization estimate.
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Figure 4. Time evolution of the continuum polarization of SN 2013ej, compared with previous studies. The left and right panels show
the polarization degree and angle, respectively. The black open triangles connected by a solid line trace the derived total intrinsic
continuum polarization (the sum of the interaction and explosion components). The black open triangles connected by a dotted line
indicate the explosion component derived by subtracting the interaction component from the total. The cyan filled circles are the
continuum polarization estimated by Mauerhan et al. (2017), while the yellow filled squares are the R-band polarization obtained by
Kumar et al. (2016). The cyan open circles are FORS2 spectropolarimetric data (using the same ISP and wavelength range of the

continuum polarization as in Mauerhan et al. (2017)). The gray crosses connected by a line trace the V -band LC of SN 2013ej taken from
de Jaeger et al. (2019).

Photosphere

SN ejecta CSM

CSM interaction

Polarization vector

Figure 5. Schematic presentation of the continuum polarization
in SN 2013ej (observer’s view), which can be broken down into a
component produced by the aspherical SN ejecta (the explosion
component) and another one arising from an asymmetric interac-
tion zone (the interaction component).

The comparatively high polarization in the very early
phase indicates that the ejecta of SN 2013ej are quite as-
pherical in the outermost layer. The polarization degree at
the first epoch (∼ 0.5 per cent) implies an aspherical struc-
ture with an axis ratio of 1.1:1 in the electron-scattering
atmosphere model by Hoflich (1991). We note that this
axis ratio is the minimum value assuming that the SN is
viewed from the equatorial plane. If the line of sight is
closer to the polar axis of the structure, larger aspherici-
ties are required. As noted above, such a highly aspheri-
cal structure in the outermost layer of the ejecta has never
been observed in Type IIP/L SNe, although some large as-
pherical structures were suggested for some Type IIn SNe

to have resulted from interaction with an aspherical CSM
(e.g., SN 2009ip; Mauerhan et al. 2014; Reilly et al. 2017).
As Mauerhan et al. (2017) pointed out, explanation of this
extreme aspherical structure requires an interaction with
highly aspherical CSM or a very significantly aspherical ex-
plosion (e.g., a jet-driven explosion), or both.

Another important fact is that the polarization angle
evolves with time, which, in the absence of any not physi-
cally motivated structural twisting, implies the presence of
multiple polarization components characterized by different
angles. Since it is difficult to explain this multi-directional
structure merely with a very significantly aspherical explo-
sion (e.g., a jet-driven explosion), we interpret the polariza-
tion of SN 2013ej as originating from the combination of an
aspherical CSM interaction (the interaction component) and
an aspherical explosion (the explosion component). In this
respect we note that there is other observational evidence
supporting an aspherical CSM interaction, e.g., late-time
optical imaging and spectroscopy and X-ray observations
(see Mauerhan et al. 2017, and references therein). More-
over, strong CSM interaction in the photospheric phase has
also been proposed as a general explanation of the fast de-
clining LC shapes in Type IIL SNe (see §1). This CSM
should have a small enough radial extent to be immediately
swept up because normally we do not observe obvious in-
teraction features (e.g., a narrow Hα line, possibly with a
Lorentzian wing) that are characteristic of optical spectra of
Type IIn SNe (see references in §1).

In the following we assume that the polarization degree
and angle at the first epoch (P = 0.48 per cent and θ = 72.3
degrees) arise solely from an aspherical CSM interaction and
that this interaction component survives until the beginning
of the luminosity drop into the tail phase (from the first to
the fourth epoch in our dataset). On this basis, we derive
the explosion component of the polarization by subtracting
the interaction component from the total intrinsic contin-
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uum polarization. The resulting explosion component shows
a constant polarization angle (∼ 95 degrees) that is different
from that of the interaction component (θ = 72.3 degrees)
except during the last epoch (the black open triangles con-
nected by a dotted line in Fig. 4). We note that the contin-
uum polarization in the last epoch is obviously contaminated
by line polarization, where the polarization degree and angle
show a marked dispersion even within the continuum region
(see Fig. 3). This is because, in the later phases, the pho-
tosphere in the SN ejecta is becoming less defined and thus
line polarization dominates over the continuum polarization.

The polarization level of the derived explosion compo-
nent shows an increase during the photospheric phase, a
peak around the beginning of the tail phase and a decline in
the tail phase: Pmax ∼ 1.2 per cent and θ ∼ 95 degrees (an av-
erage value from the second to the sixth epoch). The early
rise of the of the explosion component of the polarization
degree at constant polarization angle implies an extended
aspherical explosion structure. This behavior is similar to
that observed in Type IIP SNe, especially in SN 2017gmr.
In summary, the observed continuum polarization is inter-
preted as the combination of an interaction component from
an aspherical CSM interaction (P = 0.48% and θ = 72.3 de-
grees) plus an explosion component from an aspherical ex-
plosion (Pmax ∼ 1.2% and θ ∼ 95 degrees; see Fig. 5).

Finally, we also note that the LC of SN 2013ej dif-
fers from that of SN 2017ahn in that SN 2013ej exhibits
a broader shoulder just after the peak (i.e., the peak of
SN 2013ej appears flatter; see the gray lines in Figs. 4 and 7).
This might be a another symptom of the CSM interaction.

4.2 SN 2017ahn

Figure 6 shows the ISP-subtracted polarization degree and
angle of SN 2017ahn as a function of wavelength. The val-
ues of the continuum polarization are presented in Table 1
and Fig. 7. The errors were calculated in the same way as
for SN 2013ej and are also included in Table 1. Since, con-
trary to SN 2013ej, these errors are photon-noise dominated,
they should be upper limits. This SN shows a very low po-
larization degree not only during the photospheric phase
but also in the tail phase (Fig. 7). In general, Type IIP
SNe show diversity in their polarization in the photospheric
phase (see Fig. 8), ranging from high (e.g., SN 2017gmr and
SN 2012aw; Nagao et al. 2019; Dessart et al. 2021) to low
levels (e.g., SN 2004dj and SN 2007aa; Leonard et al. 2006;
Chornock et al. 2010). However, they are typically charac-
terised by high polarization at the onset of the tail phase,
which implies that the inner cores are always, to some ex-
tent, aspherical (see Fig. 4; e.g., Leonard et al. 2001, 2006;
Chornock et al. 2010; Nagao et al. 2019; Wang & Wheeler
2008, for a review). Therefore, the low polarization of
SN 2017ahn, which is unprecedented in Type IIP/L SNe,
indicates spherical symmetry not only in the hydrogen enve-
lope but also in the inner core: the axial ratio is only 1.06:1
according to the electron-scattering atmosphere model by
Hoflich (1991).

However, this low polarization could be explained in
terms of viewing angle: SN 2017ahn could have a large as-
phericity similar to that of SN 2013ej and Type IIP SNe
if the line of sight were closer to the polar axis of the as-
pherical structure. If we assume that SN 2017ahn has the

same aspherical structure as derived for SN 2017gmr (an el-
lipsoid with an axial ratio of 1.2:1.0; see Nagao et al. 2019),
then the viewing angle (measured from the polar axis) must
be . 30 degree. In this respect we note that, in the case of
a random orientation (i.e., if there is no relation between
the LC shape and the viewing angle), the probability of a
viewing angle . 30 degree is only ∼ 15 per cent. Since the
assumed axial ratio is the minimum value for the aspherical
structure in SN 2017gmr (see Nagao et al. 2019), the real-
istic probability that SN 2017ahn is similarly aspherical as
SN 2017gmr can be smaller.

The low polarization in the photospheric phase suggests
that, even if SN 2017ahn had a similar extensive CSM in-
teraction as that of SN 2013ej, the interaction should have
been relatively spherical. In fact, early flash-ionized spectra
of SN 2017ahn suggest the existence of a confined dense CSM
shell (Tartaglia et al. 2021). However, it is unclear whether
this interaction was strong enough to be the cause of the
steep LC shape.

4.3 The origin of the diversity of the LC shapes in Type II

SNe

Unveiling the explosion geometry is important for under-
standing the origin of the diverse LC properties observed
in Type II SNe. As described in the Introduction, we con-
sider two candidate causes for rapidly-declining SN LCs: (1)
small hydrogen-envelope masses by enhanced mass loss in-
flicted by either a stellar wind or binary interaction or (2)
interaction with CSM formed not too long before the explo-
sion by either some instability of the progenitor or binary
interaction. In both cases, the binary interaction scenario
predicts similar progenitors for both Type IIP and IIL SNe,
while the stellar wind scenario (case 1) as well as the stellar
instability scenario (case 2) require different progenitors.

SN 2013ej showed high polarization from soon after
the explosion through the tail phase, with time-variable po-
larization angles indicating an aspherical explosion like in
Type IIP SNe and an interaction with an aspherical CSM.
The similarity of the explosion geometries of SN 2013ej and
Type IIP SNe suggests that SN 2013ej had a progenitor sim-
ilar to those of Type IIP SNe. This implies that the steeper
LC of SN 2013ej compared to Type IIP SNe was caused
mainly by either a small hydrogen-envelope mass or CSM
interaction, in both cases as a result of binary interaction.
The discrimination between these two possibilities in favor
of CSM interaction is provided by the observed polarization.
However, it still needs to be tested whether the CSM inter-
action that is invoked to explain the polarization can quan-
titatively account for the steepness of the LC of SN 2013ej.
In summary, SN 2013ej probably originated from a progeni-
tor similar to those of Type IIP SNe, but with a companion
whose mass and/or separation was different from those in
typical SNe IIP (if those stem from binary systems at all).
This interpretation is consistent with the photometric and
spectroscopic similarities of SN 2013ej to Type IIP SNe (e.g.,
Bose et al. 2015; Huang et al. 2015; Dhungana et al. 2016;
Valenti et al. 2016; Yuan et al. 2016).

In contrast to SN 2013ej and Type IIP SNe, SN 2017ahn
showed a low degree of polarization not only during the
photospheric phase but also in the radioactive decay tail
phase. As discussed in §4.2, this can be taken to mean
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Figure 6. Polarization degree (left) and angle (right) of SN 2017ahn after ISP subtraction at different epochs (from top to bottom as
labeled). The gray lines in the background of each plot are the unbinned flux spectra at the same epochs. The red hatching shows the
wavelength range adopted for the continuum-polarization estimate.
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Figure 7. Time evolution of the continuum polarization of SN 2017ahn (red filled triangles). The gray crosses connected by a line show
the V -band LC of SN 2017ahn taken from Tartaglia et al. (2021).

that the explosion geometry of SN 2017ahn was relatively
spherical although there is a finite probability that the
weak polarization is due to a projection effect. If the ex-
plosion of SN 2017ahn was genuinely spherical, its progeni-
tor should be intrinsically different from those of SN 2013ej

and Type IIP SNe. In that case, the steeper decline of the
LC of SN 2017ahn compared to Type IIP SNe could be at-
tributed either to the smaller hydrogen envelope caused by
a stronger stellar-wind mass loss or to an interaction with
a radially confined CSM created by some unidentified stel-
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lar instabilities not long before the SN explosion. However,
if SN 2017ahn underwent a genuinely aspherical explosion
(i.e., the polarization was low because of a projection effect),
the main origin of the fast LC decline should be similar as
in SN 2013ej, i.e., either a small hydrogen envelope or CSM
interaction, resulting from interaction in a binary system.

Based on a comparison of early photometric and spec-
troscopic observations with hydrodynamical and radia-
tive transfer models, Tartaglia et al. (2021) suggested that
the progenitor of SN 2017ahn was a massive yellow su-
per/hypergiant deprived of most of its hydrogen envelope.
This conclusion lends support to a scenario in which the
progenitor of SN 2017ahn was a massive star with an initial
mass larger than what is typical of Type IIP SNe. Its hydro-
gen envelope was stripped off by enhanced mass loss before
the star was eventually destroyed in a spherically symmetric
explosion.

Even if SN 2017ahn did share the explosion geometry
with SN 2013ej (and possibly other Type II SNe), it is un-
likely that it had the same aspherical CSM interaction as
SN 2013ej had. In that case, we would need to have been
looking at SN 2017ahn along the polar axis of the aspher-
ical CSM (because SN 2017ahn presented low polarization
also in the photospheric phase). However, this requires an
extremely ad-hoc scenario. The polar axis of the aspherical
CSM would need to be identical to the polar axis of the
aspherical explosion and both axes would need to have the
same inclination angle with respect to the line of sight: we
discard this as a valid hypothesis. From the different polari-
metric properties of SN 2013ej and SN 2017ahn, we conclude
that Type IIL SNe occur in progenitors that have different
explosion properties and/or different pre-explosion mass-loss
processes.

Finally, we note that our polarimetric data for Type IIL
SNe do not exclude a different interpretation. If Type IIP
SNe and the Type IIL SN 2013ej have qualitatively simi-
lar, very aspherical explosion geometries, there should be
events that are observed down the polar axis so that they
do not exhibit a net polarization signal. With only about
a handful of well enough observed events, the absence of
pole-on events is not in conflict with the common-geometry
hypothesis. However, SN 2017ahn could fill the gap without
causing any statistical problem for the combined IIL/P sam-
ple. If this conjecture has any basis, the steepness of the IIL
LCs would still have more than one origin, namely either
a smaller hydrogen envelope or an interaction with radially
confined CSM or both.

5 CONCLUSIONS

We have presented and discussed spectropolarimetry of two
Type IIL SNe: SN 2013ej and SN 2017ahn, to the best of
our knowledge the only Type IIL SN candidates that have
polarimetric coverage from the photospheric through the
tail phases. SN 2013ej showed a high polarization degree
from the very beginning of the photospheric phase to the
tail phase with time-variable polarization angles, indicat-
ing two components, namely an interaction with aspherical
CSM and an aspherical explosion similar to the explosions
of Type IIP SNe. This implies that SN 2013ej originated
from a progenitor analogous to those of Type IIP SNe, with

the notable difference that the explosion was accompanied
by an aspherical CSM interaction. In contrast, SN 2017ahn
was characterized by a low polarization from the photo-
spheric phase to the tail phase, indicating a relatively spher-
ical explosion. From the differences between SN 2013ej and
SN 2017ahn, we conclude that Type IIL SNe have, at least,
two different origins: they originate from progenitors that
have different explosion properties and/or different mass-
loss processes. In this scenario, 2013ej-like Type IIL SNe
would have a progenitor similar to those of Type IIP SNe,
with the ejecta undergoing an aspherical CSM interaction.
2017ahn-like Type IIL SNe would instead come from a more
massive progenitor that was depleted of most of its hydrogen
envelope and disrupted by a much more spherical explosion.

The sample of Type IIL events covered by spectropo-
larimetry is still very poor. In view of the powerful diag-
nostics provided by this technique, it is very important to
increase the amount of data, which is key to understanding
the origin and diversity of the LC shapes of these objects.
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APPENDIX A: THE COMPLETE

SPECTROPOLARIMETRIC DATA SET

In Figs. A1 to A6, we provide all epochs of spectropo-
larimetric data for SN 2013ej and SN 2017ahn. Figs. A1
and A2 show the observed polarization degree and angle of
SN 2013ej and SN 2017ahn, respectively, before ISP sub-
traction. Figs. A3 and A4 present the data on the Stokes
Q-U plane for SN 2013ej before and after ISP subtraction,
respectively, while Figs. A5 and A6 are the same but for
SN 2017ahn.

The data in the Q-U diagrams of SN 2013ej show a
displacement from the origin (Fig. A3), indicating the pres-
ence of an ISP component. In addition, the estimated ISP
in this study is located at the edge of the cloud of the data
points, which is the proper place for ISP in the Q-U plane.
The ISP-subtracted data spread along a dominant axis from
the origin, which is another manifestation of an aspherical
structure with a dominant symmetry axis (Fig. A4). For
SN 2017ahn, Fig. A5 indicates an ISP component in the Q-U
plane that is likewise consistent with our ISP estimate. After
ISP correction, the data cluster around the origin in Fig. A6,
demonstrating that the intrinsic polarization of SN 2017ahn
is low. These alternative presentations of the data confirm
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for both SNe the adequacy of our method to determine the
ISP components.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Polarization degree and angle of SN 2013ej before ISP subtraction. Each frame is labeled with the phase of the observations.
The data are binned to 50 Angstrom per point. The gray lines in the background of each plot are the unbinned flux spectra at the same
epochs. The ISP is described by P(λ) = Pmax exp

[

−K ln2 (λmax/λ)
]

, where Pmax = 1.32, λmax = 3300 Angstrom and K = 1.0 (red lines). The red
line and the blue lines in the polarization angle plot represent the assumed ISP angle (θ = 110 degrees) and the adopted maximum and
minimum polarization angle (θ = 105 and θ = 115 degrees), respectively, for determining the ISP. The blue hatching shows the wavelength
ranges used for the ISP estimate.
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Figure A2. Same as Fig. A1, but for SN 2017ahn. The red lines shows the case with Pmax = 2.05, λmax = 200 Angstrom and K = 0.1. Here,
the assumed ISP angle is θ = 120 degrees.
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Figure A3. Spectropolarimetric data of SN 2013ej in the Q-U plane before ISP subtraction. The estimated ISP at λ = 5000,6500 and 8000
Angstrom is shown with the blue, green and red circles, respectively. The colors encode the wavelengths (Angstrom) as shown at the
right edge of each panel.
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Figure A4. Same as Fig. A3, but for the data after ISP subtraction.
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Figure A5. Same as Fig. A3, but for SN 2017ahn.
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Figure A6. Same as Fig. A5, but for the data after ISP subtraction.
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