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ABSTRACT
We present optical and near-IR photometry and spectroscopy of SN 2013L for the first 4 yr
post-explosion. SN 2013L was a moderately luminous (Mr = −19.0) Type IIn supernova (SN)
that showed signs of strong shock interaction with the circumstellar medium (CSM). The
CSM interaction was equal to or stronger to SN 1988Z for the first 200 d and is observed at
all epochs after explosion. Optical spectra revealed multicomponent hydrogen lines appearing
by day 33 and persisting and slowly evolving over the next few years. By day 1509, the H α

emission was still strong and exhibiting multiple peaks, hinting that the CSM was in a disc or
torus around the SN. SN 2013L is part of a growing subset of SNe IIn that shows both strong
CSM interaction signatures and the underlying broad lines from the SN ejecta photosphere.
The presence of a blue H α emission bump and a lack of a red peak does not appear to be
due to dust obscuration since an identical profile is seen in Pa β. Instead this suggests a high
concentration of material on the near-side of the SN or a disc inclination of roughly edge-on
and hints that SN 2013L was part of a massive interactive binary system. Narrow H α P-Cygni
lines that persist through the entirety of the observations measure a progenitor outflow speed of
80–130 km s−1, speeds normally associated with extreme red supergiants, yellow hypergiants,
or luminous blue variable winds. This progenitor scenario is also consistent with an inferred
progenitor mass-loss rate of 0.3–8.0 × 10−3 M� yr−1.

Key words: circumstellar matter – supernovae: general – stars: winds, outflows.

1 IN T RO D U C T I O N

The Type II class of core collapse supernovae (CCSNe) come from
massive stars (>8 M�) that still contain at least some portion of
their hydrogen envelope. Approximately 8–9 per cent of CCSNe
show the presence of narrow (∼100 km s−1) hydrogen emission
lines in their spectra (Smith et al. 2011b), due to the photoion-
ization or shock heating of the surrounding, slow moving circum-
stellar medium (CSM). These CCSNe are classified as Type IIn
(Schlegel 1990), where the ‘n’ stands for narrower lines than seen
in normal Type II SNe.

Depending on the extent and density of the CSM, some SNe
IIn show narrow lines only fleetingly (Gal-Yam et al. 2014;
Smith et al. 2015) and others can exhibit additional broad
(∼10 000 km s−1) and intermediate (∼1000 km s−1) hydrogen

� E-mail: jandrews@as.arizona.edu

emission lines for their full duration. The broad component traces
emission from the free expansion of the SN ejecta, while the inter-
mediate components are formed in the post-shock region between
the forward and reverse shocks created as the ejecta moves through
the CSM. This shock interaction transforms the kinetic energy of
the ejecta into radiative energy, adding additional luminosity to
the SN light curve. For some objects, this interaction can keep
the late-time light curve bright for months or years after explosion
(Aretxaga et al. 1999; Pastorello et al. 2002; Stritzinger et al. 2012;
Fox et al. 2013, 2015; Smith et al. 2017). See Smith (2016) for a
review of CSM interacting SNe.

While the presence of narrow emission lines is the unifying factor
for these SNe, they are far from homogeneous. They can span abso-
lute magnitudes between −22 and −17, have progenitor mass-loss
rates between 10−4 and 1 M� yr−1 and wind velocities between
40 and 1000 km s−1 (Kiewe et al. 2012; Smith et al. 2007a, 2008b;
Benetti et al. 1998; Taddia et al. 2013). These differences arise
due to a variety of different progenitors and mass-loss histories (see

C© 2017 The Authors
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Figure 1. Magellan/IMACS R-band image of SN2013L taken on 2013
April 16 (day 84). The SN is indicated by the magenta cross hairs.

Smith 2016 for a full review). The progenitors for IIn showing signs
of slower wind velocities (40–100 km s−1) and smaller mass-loss
rates (10−4–10−3 M� yr−1) are likely extreme red supergiant (RSG)
or yellow hypergiant (YHG) progenitors (Smith 2014). For in-
stance the IIn SNe SN 2005ip (Smith et al. 2017), PTF11iqb (Smith
et al. 2015), SN 2013fc (Kangas et al. 2016) and SN 1998S (Mauer-
han & Smith 2012) likely had RSG progenitors. Luminous blue
variables (LBVs), traditionally not considered as a terminal point
for massive star evolution, have been cited as progenitors of IIn that
show signs of moderately fast winds (∼100–600 km s−1) and high
mass-loss rates (Mauerhan et al. 2013b; Gal-Yam & Leonard 2009;
Smith et al. 2007a, 2008b, 2010, 2011a,c), but see Fox et al. (2017)
for an alternative progenitor scenario of SN 2010jl. These pro-
genitors have masses >30 M�, and sometime show signs of pre-
supernova outbursts (Mauerhan et al. 2013a; Pastorello et al. 2013;
Ofek et al. 2016), although not always (Bilinski et al. 2015). Inter-
estingly, it appears that SNe IIn are not strongly correlated with H α

regions (Kangas et al. 2017; Habergham et al. 2014). This may hint
that RSGs are the likely progenitors for all but the most luminous
Type IIn (Smith, Hinkle & Ryde 2009b).

To date, no definitive progenitor scenario seems to exist for these
interacting SNe, and it is likely that they can arise from a wide vari-
ety of progenitor masses. Additionally, it is important to remember
that up to 75 per cent of massive stars are in binaries with separa-
tions close enough for interaction (Kiminki & Kobulnicky 2012;
Sana et al. 2012; de Mink et al. 2014); therefore, we should not
neglect binary interaction as a potential channel for IIn production.
Instabilities in a single massive progenitor and/or the presence of
a companion can lead to sustained and often asymmetric mass-loss
(Quataert & Shiode 2012; Smith & Arnett 2014). Whether from a
single star or a binary system, when significant mass-loss events
occur prior to core collapse, the result is narrow lines soon after
explosion.

SN2013L [RA(2000) = 11h45m29.s55, Dec. (2000) =
−50◦35′53.′′1] was discovered in a southeastern spiral arm of
ESO 216-39 on 2013 January 22, and classified as a young Type
IIn supernova shortly thereafter based on the presence of narrow
Balmer emission lines (Monard et al. 2013, Fig. 1). The exact
explosion date, while likely within a few days of the discovery,
is unknown so in this paper all epochs will be relative to the date
of discovery. Using emission lines in the H II region associated

with the SN we measure a redshift z = 0.01738. Assuming H0 =
71.9 km s−1 Mpc−1 (Bonvin et al. 2017), this gives an uncorrected
rotational distance of 72 Mpc. The NASA/IPAC Extragalactic
Databas (NED)1 lists a Galactocentric distance of 67 Mpc, a
distance of 73.4 corrected for the motion with respect to the 3K
CMB and a distance corrected for the Great Attractor and Virgo of
80.5 Mpc. Therefore, we adopt a distance of 72+8.5

−5 Mpc throughout
the paper. If the unfiltered discovery magnitude of 15.6 was peak
brightness and if we adopt the Milky Way line-of-sight reddening
of E(B − V) = 0.11 mag (Schlegel, Finkbeiner & Davis 1998), this
gives an estimated absolute magnitude at peak of −19.0 ± 0.2.
Here, we present the optical photometric and spectroscopic evolu-
tion of SN 2013L from 5 to 1509 d after discovery. The data and
their reduction will be discussed in Section 2, the photometric and
spectroscopic evolution in Sections 3 and 4, the implications for
the progenitor in Section 5, and finally a summary of conclusions
will be presented in Section 6.

2 O BSERVATI ONS

2.1 Imaging

Starting on day 30, optical monitoring in g′r′i′BV filters was con-
ducted using the Las Cumbres Observatory (LCO) network.2 These
observations constitute our early light-curve data, seen in Fig. 2. The
images were reduced using the lcogtsnpipe pipeline (Valenti
et al. 2016), and photometric calibration was done using APASS3

standards.
We also obtained 20-s R-band exposures with Magellan/IMACS

(Dressler et al. 2011) on days 84, 482, 1133 and 1509 after explo-
sion. On day 728, 60-s exposures in each VRi′ filter were taken.
Standard reduction techniques with iraf4 were used, and absolute
calibration was performed using APASS standards and aperture
photometry. Transformation between r′ and R for the standards was
carried out using Jester et al. (2005), and tertiary standards were
created across all IMACS images to create a robust zero-point. The
photometry is summarized in Table 1.

Spitzer IRAC (3.6 and 4.5 µm) images on days 630 and 850 were
retrieved from the Spitzer Heritage Archive as part of an ongoing
programme by PI Fox (PID 10139, 11053). Aperture photometry
was performed on the pipeline reduced pbcd images, with the ap-
propriate aperture corrections. A summary of dates and fluxes are
shown in Table 2, and an example of the images can be seen in
Fig. 3.

2.2 Optical spectra

We obtained 1 epoch of low resolution and 4 epochs of moderate-
resolution optical long-slit spectra with IMACS on Magellan/Baade
on 2013 April 17, 2014 May 19, 2015 January 1, 2016 March 4
and 2017 March 11 (see Table 3). The first observation 84 d after
explosion was taken with the 300 l mm−1 grating and 3 × 120 s

1 The NED is operated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space
Administration.
2 http://lcogt.net/
3 https://www.aavso.org/apass
4 IRAF, the Image Reduction and Analysis Facility, is distributed by the Na-
tional Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy under cooperative agreement with
the National Science Foundation (NSF).
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Figure 2. Light curve of SN2013L in multiple bands. Filters have been shifted for clarity and are indicated on the plot. The inset shows a blow-up of the first
120 d, and the grey solid line indicates the radioactive decay of 56Co. R-band Magellan/IMACS photometry is indicated by the open squares. The photometry
have not been corrected for extinction and come directly from the values listed in Table 1.

exposures, while the later epochs used the 1200 l mm−1 grating
centred on H α and 3 × 400 s exposures. Table 3 reports the slit width
used for each observation, as well as resolving power. Standard
reductions were carried out using IRAF on a chip-by-chip basis. Flux
calibration was achieved using spectrophotometric standards at a
similar airmass taken with each science frame.

We have also obtained the discovery spectrum cited in Morales
Garoffolo et al. (2013) taken with ESO New Technology Telescope
at La Silla on 2013 January 27, using EFOSC2 and made available
via the PESSTO5 campaign (Smartt et al. 2015), and found on
the WISeRep6 archive (Yaron & Gal-Yam 2012). Additionally, we
have included VLT/XSHOOTER spectroscopy from GTO Program
090.D-0719(A), PI Hjorth made available as a Phase 3 data product
on the ESO archive. Full-spectral evolution of all epochs are shown
in Fig. 4.

3 PH OTO M E T R I C E VO L U T I O N

3.1 Optical light curve

Fig. 2 presents the full photometric evolution of SN 2013L in
g′r′i′BV, with the first 120 d shown in detail in the inset. The light
curves are reminiscent of Type IIL supernovae, with the first 50 d
or so of photometric evolution in all filters being approximately
linear, at a decline rate of 0.03 mag d−1 in r′ and V. Around day 60,
r′ dramatically slows to a decline rate of 0.003 mag d−1 that lasts
for the next 140 d, until we lose the SN behind the Sun. During the
same time period, the other filters slow their decline rate as well, but
are not as flat as r′, which includes the H α emission produced by
CSM interaction. After day 200, the sparse observations indicate a

5 Public ESO Spectroscopic Survey of Transient Objects (www.pessto.org).
6 http://wiserep.weizmann.ac.il/

steady drop of around 3 mag over a 500 d period, which then slows
to roughly 0.3 mag yr−1. At no time do the g′, r′, i′ and V filters fol-
low the radioactive 56Co decay rate of ∼0.01 mag d−1. This requires
additional luminosity from late-time CSM interaction.

In Fig. 5, we illustrate the distinctive optical evolution of SN
2013L by comparing the absolute r′/R light curve with those of
other interacting SNe. At early times, SN 2013L most resembles
SN 1998S (a IIn SNe with IIL-type light curve) and has a sig-
nificantly brighter absolute magnitude than the IIn SN2005ip and
IIP SN2004dj. From days 60–90 post-discovery, the magnitude and
decline rate of SN 2013L mirrors SN 1988Z, PTF11iqb and SN
2007od, the latter of which is a ‘normal’ SN IIP. After day 100, the
light curves diverge as the shock interaction begins to take over as
the main energy source of SN 2013L.

Between 100 and 200 d, the absolute magnitude of SN 2013L
stays abnormally bright at around −17.7 mag, comparable only with
the enduring IIn SN 1988Z that is still showing signs of interaction
today (Smith et al. 2017). Only after day 200 does the luminosity
begin to fade below that of SN 1988Z and by 2 yr post-explosion,
the absolute R magnitude of SN 2013L resides between that of
SN 2005ip and PTF11iqb (a similar pattern in H α is observed and
discussed below). At all times, the light curve of SN 2004dj, a Type
IIP SN with circumstellar interaction, is significantly fainter than
the other SNe due to the lower density CSM surrounding a IIP
explosion.

3.2 Colour evolution

A look at the colour evolution of SN 2013L further highlights the
similarities with both SN 1998S and PTF11iqb (Fig. 6). While the
photometric coverage is sparse prior to day 35, an extrapolation
suggests the colour started quite blue, likely B − V ∼ −0.1 on day
5, using the blackbody temperature of 12 000 K and the method
presented in Ballesteros (2012). The colour then gradually evolved
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Table 1. Optical photometry of SN 2013L obtained with LCO and Magellan/IMACS*.

JD g r i B V

2456344.75 16.0559 ± 0.0154 15.6389 ± 0.0143 15.5815 ± 0.0171 16.2195 ± 0.0145 15.8145 ± 0.0171
2456344.76 16.0188 ± 0.014 15.6595 ± 0.0249 15.4453 ± 0.0134 · · · 15.8149 ± 0.0163
2456345.76 16.0206 ± 0.0182 15.6941 ± 0.0141 15.4923 ± 0.0133 16.2489 ± 0.0169 15.8051 ± 0.0156
2456345.76 16.0042 ± 0.0184 15.6985 ± 0.0156 15.4714 ± 0.015 16.3627 ± 0.0188 15.8028 ± 0.019
2456346.76 16.2382 ± 0.0173 15.7351 ± 0.0185 15.7514 ± 0.0222 16.4003 ± 0.0319 15.8293 ± 0.0263
2456346.76 16.2556 ± 0.0128 15.7521 ± 0.0169 15.6777 ± 0.0231 16.4748 ± 0.0229 15.9417 ± 0.0198
2456347.76 16.2368 ± 0.0161 15.8027 ± 0.0173 15.5017 ± 0.0136 16.5229 ± 0.0166 15.9215 ± 0.0151
2456347.76 16.2586 ± 0.0164 15.8003 ± 0.0171 · · · 16.4904 ± 0.0163 15.952 ± 0.0205
2456348.76 16.2554 ± 0.0144 15.8567 ± 0.0154 15.5615 ± 0.02 16.5445 ± 0.019 15.9284 ± 0.0168
2456348.76 16.2462 ± 0.0128 15.824 ± 0.0173 15.619 ± 0.0154 16.5261 ± 0.0193 15.933 ± 0.0159
2456349.76 16.2256 ± 0.0175 15.8268 ± 0.0162 15.6599 ± 0.02 16.56 ± 0.0241 16.0859 ± 0.0144
2456349.76 16.1953 ± 0.016 15.7834 ± 0.0211 15.7098 ± 0.0209 16.5809 ± 0.0216 15.9249 ± 0.0152
2456352.76 16.3108 ± 0.0174 15.8777 ± 0.0145 15.7102 ± 0.0163 16.6634 ± 0.013 16.162 ± 0.0129
2456352.76 16.3647 ± 0.0145 15.8758 ± 0.0115 15.8261 ± 0.02 16.6168 ± 0.0131 16.035 ± 0.0129
2456356.71 · · · · · · · · · 16.8604 ± 0.0281 · · ·
2456357.72 16.5205 ± 0.0108 16.0003 ± 0.0116 15.8035 ± 0.0116 16.728 ± 0.0171 16.1711 ± 0.0158
2456357.72 16.3707 ± 0.0115 15.9794 ± 0.0108 15.8334 ± 0.0107 16.7437 ± 0.0174 16.1724 ± 0.0121
2456359.72 16.4253 ± 0.0122 15.9693 ± 0.0196 15.8283 ± 0.0512 16.9236 ± 16.2479 ± 0.0805
2456359.72 16.4569 ± 0.0163 · · · · · · · · · 16.1982 ± 0.0359
2456360.71 · · · · · · · · · 16.9236 ± 0.0167 16.2689 ± 0.0214
2456360.71 · · · · · · · · · 16.8899 ± 0.0216 16.261 ± 0.0177
2456361.72 16.6534 ± 0.0268 · · · · · · 17.0263 ± 0.0158 16.2801 ± 0.0194
2456361.73 16.7027 ± 0.0214 · · · · · · 16.8886 ± 0.0181 · · ·
2456362.72 16.7052 ± 0.0153 16.2899 ± 0.0136 15.8535 ± 0.0102 17.0989 ± 0.018 16.4172 ± 0.0153
2456362.72 16.5996 ± 0.0156 16.0636 ± 0.0163 16.0068 ± 0.0248 16.9833 ± 0.0156 16.4432 ± 0.0145
2456363.72 16.7105 ± 0.0177 16.2372 ± 0.0196 15.919 ± 0.03 17.0173 ± 0.025 16.4207 ± 0.0225
2456363.72 16.7522 ± 0.0254 16.3574 ± 0.0241 · · · 17.1292 ± 0.0229 16.449 ± 0.0215
2456378.72 17.4258 ± 0.021 16.6082 ± 0.0245 · · · 17.716 ± 0.0311 16.9443 ± 0.0287
2456378.72 17.4339 ± 0.0278 16.6235 ± 0.0219 · · · 17.8611 ± 0.0371 17.0272 ± 0.034
2456382.65 · · · · · · · · · · · · 17.0673 ± 0.0322
2456386.70 17.471 ± 0.0305 16.7031 ± 0.0296 · · · 17.8922 ± 0.0193 17.1843 ± 0.0172
2456386.70 17.4914 ± 0.0108 · · · · · · · · · · · ·
2456388.50* · · · 16.65 ± 0.1 · · · · · · · · ·
2456389.70 17.5188 ± 0.0142 16.8021 ± 0.0116 · · · 17.8898 ± 0.0169 17.2418 ± 0.0155
2456389.70 17.5657 ± 0.0151 16.7536 ± 0.0124 · · · 17.9031 ± 0.0154 17.2194 ± 0.0199
2456397.63 17.6481 ± 0.0207 16.8336 ± 0.0255 16.7504 ± 0.0245 18.0585 ± 0.0269 17.4132 ± 0.0388
2456397.63 17.6267 ± 0.022 16.8172 ± 0.0281 16.8276 ± 0.0158 17.9653 ± 0.0198 17.4284 ± 0.0368
2456400.62 · · · · · · · · · 18.068 ± 0.0254 · · ·
2456400.62 · · · · · · · · · 18.1644 ± 0.0285 · · ·
2456415.64 17.6046 ± 0.0115 16.7153 ± 0.0115 · · · 18.1384 ± 0.0156 17.3786 ± 0.0165
2456415.64 17.6094 ± 0.0117 · · · · · · 18.1416 ± 0.0191 17.387 ± 0.0148
2456422.65 17.7628 ± 0.0122 16.8116 ± 0.0101 16.9529 ± 0.0147 18.1274 ± 0.0188 17.4978 ± 0.0148
2456422.65 17.7101 ± 0.0104 16.841 ± 0.01 · · · 18.1631 ± 0.0172 17.4575 ± 0.0156
2456424.58 17.7955 ± 0.0154 16.8936 ± 0.0147 17.0141 ± 0.0214 18.1917 ± 0.0147 17.5109 ± 0.0183
2456424.58 17.7745 ± 0.0124 · · · 17.0255 ± 0.0205 18.1998 ± 0.0149 17.5116 ± 0.0147
2456435.50 17.7734 ± 0.0168 16.8754 ± 0.0156 17.0539 ± 0.0176 · · · · · ·
2456435.51 17.7757 ± 0.0197 16.8456 ± 0.0138 17.0262 ± 0.0147 · · · · · ·
2456446.57 17.8406 ± 0.0179 16.8872 ± 0.0166 17.1504 ± 0.0195 · · · · · ·
2456446.58 17.8631 ± 0.018 16.913 ± 0.0148 17.1702 ± 0.0205 · · · · · ·
2456450.25 17.7719 ± 0.0165 16.8362 ± 0.0118 17.0005 ± 0.0219 · · · · · ·
2456450.25 17.7858 ± 0.0127 16.8474 ± 0.011 17.053 ± 0.0153 · · · · · ·
2456450.57 17.8697 ± 0.016 16.8832 ± 0.0148 17.1661 ± 0.02 · · · · · ·
2456450.58 17.8438 ± 0.0144 16.8946 ± 0.0149 17.1921 ± 0.0219 · · · · · ·
2456460.19 17.8451 ± 0.0125 16.878 ± 0.0153 17.1444 ± 0.018 · · · · · ·
2456460.20 17.8663 ± 0.0124 16.8816 ± 0.0132 17.1245 ± 0.0286 · · · · · ·
2456506.21 18.0043 ± 0.0236 16.9962 ± 0.0146 17.4327 ± 0.0223 · · · · · ·
2456506.21 18.0269 ± 0.0151 17.0162 ± 0.0099 17.4566 ± 0.0273 · · · · · ·
2456506.22 17.9992 ± 0.0171 16.9226 ± 0.0144 17.3753 ± 0.0233 · · · · · ·
2456506.22 18.0095 ± 0.0158 16.9099 ± 0.014 17.4377 ± 0.0204 · · · · · ·
2456796.62* · · · 18.86 ± 0.2 · · · · · · · · ·
2457042.35* · · · 20.16 ± 0.1 21.18 ± 0.12 · · · 20.8 ± 0.06
2457450.50* · · · 20.61 ± 0.1 · · · · · · · · ·
2457824.60* · · · 20.84 ± 0.1 · · · · · · · · ·
∗R mags.
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Table 2. Spitzer observations.

Date Day 3.6 µm 4.5 µm
(discovery) (µJy) (µJy)

2014-10-14 630 742 ± 41 812 ± 42
2015-05-22 850 677 ± 40 830 ± 43

Figure 3. Spitzer 4.5-µm image of SN2013L on day 850. The SN is
indicated by magenta cross hairs.

redward before levelling off at a value of B − V = 0.7, a trend
identical to the aforementioned objects. What is intriguing is that
the spectra of SN 2013L show persistent narrow lines, indicative of
normal and long-lasting IIn SNe, while the other two only briefly
show them, yet all three exhibit the same colour evolution. Of
course, one tie that does seem to bind these three objects together is
the presence of asymmetric emission line profiles in the intermediate
width and broad components of H lines, which we will discuss in
detail in the next section.

The other two interacting Type IIP SNe shown for comparison,
SNe 2007od and 2004dj, also start out quite blue but B − V increases
to >1.2 rather quickly. This pattern is the norm for most Type IIP
SNe, and as the CSM interaction of these objects is delayed, is not
surprising. SN 2005ip on the other hand stays consistently around
B − V = 0.4 mag, a pattern also seen in SN 1988Z and SN 2010jl
(Turatto et al. 1993; Zhang et al. 2012). Considering the late-time
endurance of the light curve of SN 2013L, one could expect the
colour evolution to mimic these objects with very strong CSM
interaction and slow fading, yet it is redder and likely evolved that
way rather quickly.

A quick examination of Fig. 6 shows that we could roughly
subdivide these Type II events into three classes: the red Type IIP,
the blue and flat IIn, and the intermediate 98S-like. The normal IIP
supernovae quickly go from blue to red, as the large RSG envelope
expands and cools. The classic IIn like SN2005ip on the other hand
stay rather blue as the shock interaction keeps the temperature high,
and often a blue pseudo-continuum, caused by a blend of narrow
fluorescing metal lines in the surrounding CSM, can appear (Smith

Table 3. Optical spectroscopy of SN 2013L.

Date Telescope Day Slit width R
(y-m-d) (Instrument) (arcsec) (λ/δλ)

2013-01-27 NTT/EFOSC2 5 1.0 300
2013-02-24 VLT/XSHOOTER 33 0.9 7400
2013-03-11 VLT/XSHOOTER 48 0.9 7400
2013-03-31 VLT/XSHOOTER 68 0.9 7400
2013-04-16 Magellan/IMACS 84 0.7 1400
2013-05-11 VLT/XSHOOTER 109 0.9 7400
2014-05-19 Magellan/IMACS 482 0.7 5300
2015-01-20 Magellan/IMACS 728 0.7 5300
2016-03-05 Magellan/IMACS 1133 0.7 5300
2017-03-11 Magellan/IMACS 1509 0.7 5300

et al. 2009a). This would suggest that the intermediate IIn objects
show a mix of the SN photosphere and CSM interaction, which
likely is caused by asymmetry in the CSM. The spectral evolution of
all these objects (SN 1998S, PTF11iqb, and SN 2013L) in factshow
spectral signatures of an asymmetric CSM, as will be discussed
more below.

3.3 Infrared evolution

Spitzer IRAC 3.6 and 4.5 µm imaging from days 630 and 850
(Fig. 3) show a bright source at the location of SN 2013L. As we
show in Table 2 the SN emission is roughly 0.8 mJy, relatively bright
for an SN so distant and of that age. For comparison the 3.6 µm
flux for SN 2010jl on day 621 was 8.63 mJy (Fransson et al. 2014)
and for SN 2005ip on day 948 was 5.76 mJy (Fox et al. 2011). If
moved to the distance of SN 2013L (72 Mpc), these would corre-
spond to 4.0 and 1.4 mJy, respectively. Both IIn SNe have com-
ponents of pre-existing and newly formed dust (Fox et al. 2009;
Smith et al. 2009a; Fox et al. 2010; Andrews et al. 2011; Smith
et al. 2012; Gall et al. 2014), which could also be the case for SN
2013L. Whether this emission is from an IR echo, shock-heated
pre-existing dust, or from newly formed dust grains can be difficult
to disentangle. Unfortunately, no earlier Spitzer observations exist,
so it is impossible to compare how the IR emission has evolved with
time. We also cannot discount a nearby or underlying source as the
cause of some or all of the emission, as no pre-SN imaging exists.
This is unlikely because of the high luminosity (>2.5 × 107 L�)
and a change in flux between the two observations presented here.
Continued monitoring with Spitzer (and eventually James Webb
Space Telescope) will allow us to decipher more precisely the IR
environment surrounding SN 2013L.

A blackbody fit to the two Spitzer passbands can give us a rough
idea of the temperature and location of the dust. Fig. 7 shows the
best fits to the Spitzer epochs on days 630 and 850. Both dates can be
fit with temperatures of 1000 and 890 K, respectively, a reasonable
temperature for all three scenarios. The blackbody radius (Rbb) can
give us a stringent lower limit of the location of the IR luminosity.
Rbb grows from 1.5 to 1.8 × 1016 cm between the two dates, or
from 5 to 7 light days. By day 630, the initial flash of the SN has
travelled well beyond 1.7 light years, but this does not necessarily
discount the presence of a light echo scattering off of intervening gas
and dust. It does however take a velocity of 2750 and 2450 km s−1

to travel the distance of Rbb in 630 and 850 d, respectively. These
velocities are almost identical to the central velocity of the blue-
component seen in our H α line around the same time (Fig. 8 and
Table 4). This strongly advocates for pre-existing CSM that is being
shock heated by the expanding SN ejecta.
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Figure 4. Spectroscopic evolution of SN 2013L from 5 d to 1509 d after discovery. A summary of observational parameters is given in Table 3. All spectra
have been corrected for Milky Way reddening of E(B − V) = 0.11 and have been shifted into the rest frame and are plotted in flux units plus a constant. A
12 000 K blackbody has been plotted in black under the discovery spectrum for comparison. The XSHOOTER NUV and NIR data are plotted on the right.

Figure 5. Absolute R and r′ light curves of CSM interacting CCSNe com-
pared with SN 2013L (black stars). Data are from Smith et al. (2009a,
SN2005ip), Smith et al. (2015, PTF11iqb), Fassia et al. (2000, SN1998S),
Zhang et al. (2006, SN2004dj), Andrews et al. (2010, SN2007od) and
Turatto et al. (1993, SN1988Z). All data have been corrected for distance
and extinction using the E(B − V) quoted in the corresponding papers, and
using a standard reddening law of Rv (Cardelli, Clayton & Mathis 1989).

The dates, and more importantly, the temperatures of the IR
observations are conducive to the formation of dust grains so we
also cannot completely rule out new dust formation in the ejecta
or post-shock gas. As we will discuss further in Section 4, we
do believe the case for only newly formed dust is a bit weak, as
the emission line asymmetries are most likely caused by the SN
geometry rather than just dust attenuating the receding emission.

Figure 6. B − V colour evolution of SN 2013L (black stars) compared
with other CSM interacting IIn and IIP SNe. The dashed black line indicates
a projected colour using the blackbody temperature of SN 2013L on day
5. Data are from Stritzinger et al. (2012, SN2005ip), Smith et al. (2015,
PTF11iqb), Fassia et al. (2000, SN1998S), Inserra et al. (2011, SN2007od)
and Zhang et al. (2006, SN2004dj). All data have been corrected for extinc-
tion using the E(B − V) quoted in the corresponding papers, and using a
standard reddening law of Rv (Cardelli et al. 1989).

4 SPECTRO SCOPI C EVOLUTI ON

The first spectrum of SN2013L on day 5 after discovery, shown in
grey at the bottom of Fig. 4, shows a mostly featureless continuum
with only narrow hydrogen Balmer lines present in emission. A
blackbody fit yields a temperature of 12 000 K and a photospheric
radius of 7 × 1014 cm, similar to other Type IIn SNe at around

MNRAS 471, 4047–4059 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/471/4/4047/4002684/Optical-and-IR-observations-of-SN-2013L-a-Type-IIn
by UNIVERSITY OF ARIZONA user
on 03 October 2017



SN2013L 4053

Figure 7. SED of SN2013L on day 630 and 850. The IR points are from
the Spitzer observations, while the optical data are the continuum emission
on either side of H α extrapolated from the day 482, 728, and 1133 optical
spectra. The solid lines are the blackbody fits to both the optical and IR com-
ponents of each epoch, and the corresponding temperatures and blackbody
radius are indicated on the plot.

the same age (Smith et al. 2015; Kangas et al. 2016). There were
no WR lines seen in the earliest spectrum, like was observed for
other IIn SNe 1998S (Shivvers et al. 2015), SN 2013cu (Gal-Yam
et al. 2014) and PTF11iqb (Smith et al. 2015). This does not, of
course, discount their presence at earlier epochs.

Narrow P-Cygni absorption and emission of the Balmer lines
and He I 10830 Å can be seen in the spectrum on day 33. Narrow
emission was also present on day 5, but the low resolution of that
spectrum makes the detection of an absorption feature impossible.
In all but the H α line, the absorption component is stronger than the
emission. Narrow emission is also seen in the Paschen and Brackett
series in the NIR, with no evidence of an absorption component.
Similarly, the He I lines in the optical only show narrow emission.

The Balmer and He I 10830 Å lines (with the addition of Pa β)
also show intermediate-width components with - full width at half-
maximum (FWHM) of 2000–4000 km s−1, with one centred at
roughly zero velocity and the other centred a few thousand km s−1

to the blue (Figs 8 and 9). A comparable red emission feature is
not seen. We can fit the H α profiles with three distinct features:
a narrow emission profile with prominent P-Cygni absorption, an
intermediate-width Lorentzian centred near zero velocity and an in-
termediate width Gaussian profile centred at roughly −3500 km s−1.
The broad Lorentzian profile occurs when optically thick material
causes multiple electron-scattering events. The resulting narrow part
of the profile traces the expansion velocity of the emitting material,
in this case the slow moving progenitor wind or the CSM, while
the broad wings are a function of the optical depth of the material
(Chugai 2001). Fig. 10 shows the two intermediate-width compo-
nents needed to create the multipeaked profile of H α on day 109.
Both the Lorentzian and the Gaussian components are blueshifted
from the central narrow component. The FWHM and other infor-
mation of the components are listed in Table 4 and shown in Fig. 11.

With time, the FWHM of the blueshifted component decreases,
from roughly 3900 km s−1 on day 33 to ∼1100 km s−1 on our last
observation on day 1509. During this same time period, the cen-
tre of the blue component shifts from −4000 to −1800 km s−1.
The behaviour of the central Lorentzian emission is a bit less

Figure 8. Spectral evolution of H α in velocity space. The top panel shows
the intermediate width emission lines and the evolution of the blue-bump
with time, while the bottom panel is zoomed to show the evolution of the
narrow emission and absorption components. The comparison between the
narrow line shape on day 33 and 1133 can be seen in the bottom panel as
the dashed grey line is the emission from day 1133 scaled and shifted to
match the blue side of the line. Zero velocity is indicated by the black dash-
dotted line, and has been chosen to be centred on the narrow H α emission.

Table 4. FWHM and centres of H α Components in km s−1.

Epoch Narrow Abs Lorentzian Gaussian
(days) υcentre FWHM υcentre FWHM υcentre

33 −84 2696 −100 3869 −3985
48 −91 4047 −328 3640 −3894
68 −100 4949 −420 3275 −3772
109 −98 5275 −337 2935 −3515
482 −104 2472 −221 2039 −2644
728 −114 2113 −292 1495 −2669
1133 −126 1484 −253 1265 −1808
1509 −130 1258 −210 1084 −1810

straightforward, with the FWHM rising to a maximum of
∼5300 km s−1 on day 109, and then gradually falling again to
∼1300 km s−1 by day 1509. The narrow emission also gets broader
and fainter, and by day 482, the narrow absorption component is
more pronounced and is in fact stronger than the narrow emission
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Figure 9. Same as Fig. 8, but in velocity space zoomed in on various hydrogen or helium emission lines which are indicated in the top corner of the plot.
Only the epochs with the highest resolution are included in this plot, and all NIR emission is from only the XSHOOTER spectra. Zero velocity is indicated by
a dashed vertical line.

by our last observations. The fact that we are still seeing narrow
P-Cygni absorption even on our last observation on day 1509 may
provide important clues about the density and geometry of the CSM
as well as our viewing angle. Similar profiles have been seen in SN
1998S and PTF11iqb and will be discussed in detail below.

At no time do the [O I] lines at λλ6300, 6363 Å appear, and
there is a general lack of a nebular phase typically seen in normal
Type IIP SNe. This is common in SNe IIn, where CSM interac-
tion tends to mask the underlying nebular phase spectrum (see
Smith 2014). There does appear to be an intermediate-width feature
around 8500 Å that was also seen in the spectrum of SN 2010jl
presented in Fransson et al. (2014). There it was attributed to O I
λ8446 Å emission, but as we show in Fig. 10, we can approximate
the shape of the emission in SN 2013L by using the H α profile
of the same time centred at each of the Ca II IR triplet locations
(λλλ8498, 8542, 8662 Å ). While not an exact fit, the combination
of self-absorption and broad line-widths can account for the dis-
crepancy. No narrow lines are seen at any of the Ca II IR locations,
suggesting that Ca II emission lines arise in the fast ejecta or at the
location of the reverse shock.

In our last epoch on day 1509, the narrow emission seems to have
all but vanished, and only the narrow absorption feature remains.
Assuming that slow RSG winds reach as far as 3 × 1018 cm, or

3.2 ly (Lloyd, O’Brien & Kahn 1995), we would expect the narrow
emission lines ionized by the SN blast wave to begin fading by ∼3 yr.
The persistence of the narrow absorption may be an indication of
geometry; if there is an equatorial enhancement of the CSM, we
may be viewing that nearly edge-on. Continued monitoring will
reveal how that absorption feature evolves, and could potentially
show the appearance of the [O I] emission lines as the oxygen layers
begin to interact with the reverse shock, as was seen in SN 1998S
(Mauerhan & Smith 2012).

4.1 The multipeaked shape of H α

One of the most striking features of SN 2013L is the multicompo-
nent structure of H α (and other Balmer and He I lines), in particular
the additional blueshifted emission around −3500 km s−1. Often, a
blueshifted asymmetry can be explained by dust formation attenu-
ating the receding red side of the SN more so than the blue. First
detected in SN 1987A (Lucy et al. 1989), this type of evidence
for dust formation has been seen in many CCSNe including SN
2003gd (Sugerman et al. 2006), SN 2004et (Kotak et al. 2009),
SN 2005ip (Fox et al. 2010; Smith et al. 2011b), SN 2007od (An-
drews et al. 2010) and one of the clearest cases SN 2006jc (Smith,
Foley & Filippenko 2008a). In conjunction with the emission line
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Figure 10. Top: Multicomponent fit (black line) to the broad H α emission
line on day 109 (green). Allowing the narrow emission to reside at zero ve-
locity, the profile can be recreated with a Lorentzian centred at −337 km s−1

and a Gaussian blueshifted to ∼3515 km s−1, both of which are shown by
the dashed grey line. Bottom: The Ca II λλλ8498, 8542, 8662 Å IR triplet
from day 109 (green) with a fit created from scaling and combining the fit
from the H α profile seen above for each of the three lines. Each individual
profile is shown in the dashed grey line.

asymmetry, a decrease in the optical light curve and a corresponding
increase in the IR brightness is often observed as new dust grain
form in the ejecta. No early IR data exist for SN 2013L as we men-
tion above, and any optical obscuration in the light curve due to
dust can be hidden by the ongoing CSM interaction. The lack of
any emission on the red side of H α in all epochs, plus the presence
of the blue emission by day 33 when ejecta temperatures would
probably have been too high for dust condensation may suggest
another mechanism for the multipeaked lines.

In Fig. 12, we plot H α and Pa β from our day 109 spectrum.
Adjusting the flux of the Pa β emission line to match that of H α

shows that there is little difference in the profile shape. This further
supports the hypothesis that extinction from newly formed dust is
not the cause for the asymmetry. If it were due to dust, the red
side of H α would be more attenuated than that of Pa β due to the
wavelength dependence of the dust extinction. Since the bluer H α

shows the same shape as the redder Pa β, the asymmetry is intrinsic
to the SN or the CSM.

Figure 11. Evolution of the centroid and FWHM of the Lorentzian (orange)
and Gaussian (blue) emission of H α with time. The centroid is shown as
the square or circle symbol, and the FWHM by the velocities spanned by
the vertical bars.

Figure 12. Comparison of H α (blue) and Pa β (orange) emission on day
109.

While we cannot rule out that there is some newly formed dust
responsible for a portion of the hydrogen asymmetry, it is more
likely an asymmetry in the surrounding CSM. If we invoke a disc-
like geometry of the CSM and then view it edge-on the CSM can
easily obscure the red side of the emission. This is further supported
by the persistent narrow P-Cygni lines, particularly the absorption
feature at late times. On day 1509, the blue emission bump is cen-
tred at −1810 km s−1, this would mean the minimum radius for the
location of the material responsible for the blue emission bump is
∼2 × 1016 cm (∼1330 au) away. Of course instead of a disc seen
edge-on and therefore obscuring the receding side, we could po-
tentially have a situation with only CSM on the blue side of the
SN, similar to PTF11iqb that showed a density enhancement on
the red side (Smith et al. 2015). The one-sided geometry (i.e. the
blue emission bump at −3500 km s−1) could be explained by an SN
exploding in a binary system where mass transfer is occurring pref-
erentially to one side due to orbital eccentricities. Case in point is
RY Scuti that is in a state-of-mass transfer from a binary companion
and shows a resolved toroidal CSM with a density enhancement on
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Figure 13. H α luminosity of SN2013L (pink stars) compared with other IIn SNe. Data for 1998S (teal squares) come from fig. 4 of Mauerhan & Smith
(2012), for PTF11iqb (orange triangles) from fig. 9 of Smith et al. (2015), and for SN2005ip (blue circles) from Smith et al. (2017). The radioactive decay
luminosity of 56Co is plotted as a dashed black line.

the far side (Gehrz et al. 2001; Smith et al. 2002, 2011d). A one-
sided eruption is another possibility to create an asymmetric event.
For instance Kiminki, Reiter & Smith (2016) show that η Carinae
experience asymmetric, one-sided eruptions in 1250 and 1550 AD,
centuries prior to the Great Eruption in the 1800s.

Asymmetric CSM is not uncommon, and over the past decade
as the number of well-observed CCSNe has grown, many SNe
IIn have displayed evidence of disc, torus or bipolar CSM. This
includes SN 1998S (Leonard et al. 2000), SN 1997eg (Hoffman
et al. 2008), SN 2009ip (Levesque et al. 2014; Mauerhan et al. 2014;
Smith, Mauerhan & Prieto 2014), SN 2010jl (Andrews et al. 2011;
Patat et al. 2011; Smith et al. 2012; Chandra et al. 2015; Kat-
suda et al. 2016), PTF11iqb (Smith et al. 2015) and SN 2015bh
(Elias-Rosa et al. 2016). Recently, Mauerhan et al. (2017) suggested
that the IIP/L SN2013ej SN likely had an equatorial enhanced CSM
close to edge on based on spectropolarimetry. Similarly, SN 2004dj
(Chugai 2006), SN 2007od (Andrews et al. 2010), SN2011ja (An-
drews et al. 2016) and other type IIP/L also show observational
signatures of asymmetric CSM (Fig. 14). While not exhibiting the
narrow-line emission, the late-time H α of these IIP/L SNe was mul-
tipeaked, suggesting that a continuum of CSM interaction strengths
and geometries exists. SN 2013L may be similar to those, but it also
happens to have closer and denser CSM that made it appear as a
Type IIn.

5 D ISCUSSION

5.1 The enduring luminosity of H α

The late-time optical emission of SN 2013L is powered by the
SN ejecta colliding with the CSM, which is clearly illustrated in
the most recent spectroscopic observations. From day 482 and on-
wards, the optical spectra are dominated by strong H α emission. To
illustrate the strength of this late-time emission, in Fig. 13 we have
plotted the total integrated H α luminosity of SN 2013L from each

of the epochs listed in Table 3, along with other well studied and
enduring IIn SNe. This figure is adapted from Smith et al. (2017)
and Mauerhan & Smith (2012). SN 2013L starts with LH α similar
to that of SN 2005ip, but quickly rises to the levels of PTF11iqb.
The emergence of the blue bump in the Balmer lines by day 33 and
the plateau in the R-band light curve after day ∼50 suggest that the
ejecta began interacting with even denser CSM from the very start
of explosion. There are no spectra available between days 109 and
482, so it is possible the luminosity continued to rise before declin-
ing down to the level detected over a year later, or as is suggested
by Fig. 13, it could have declined at roughly the radioactive 56Co
decay rate.

By day 482, the LHα is much brighter than would be expected
from radioactivity alone and remains at roughly this brightness even
on our last observation on day 1509. This is evidence of interaction
powered H α. On day 1133, SN 2013L is ∼45 × brighter than
SN 1998S at the same age, and ∼2.5 × brighter than PTF11iqb.
There is a lack of data for SN 2005ip during this time period, but
we can estimate SN 2013L was likely ∼2–3 × fainter. This would
suggest that SN2013L has a wind density roughly halfway between
SN 2005ip and PTF11iqb, or a mass-loss rate between 1 × 10−4

and 1 × 10−3 M� yr−1 (Smith et al. 2009a, 2015, 2017). Further
comparisons among these three objects will be explored below.

Although we do not have X-ray or radio data of SN 2013L, we
can use the luminosity and kinematics of the system offered to us
through our optical spectra to determine a wind-density parame-
ter and therefore a mass-loss rate of the progenitor star. This is
expressed as Ṁ

VCSM
= 2L

V 3
SN

, where VCSM is the CSM velocity mea-

sured from the minimum of the narrow P-Cygni lines, VSN is the
supernova expansion velocity and L = LH α /ε (see Smith 2016).
As a lower bound we can expect ε ∼ 50 per cent, since the ther-
mal energy produced should be about half of the kinetic energy.
For the upper bound, we assume a conservative LH α = 0.1L. SN
2010jl, PTF11iqb and SN 2009ip may have similar CSM geome-
tries and efficiency factors used for these objects are 5–7 per cent
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Figure 14. Comparison of the H α profile of SN 2013L with other interact-
ing CCSN at early (top) and late (bottom) times. Top: SN 2013L on day 109
in relation to three IIP SNe 2004dj (Vinkó et al. 2006), 2007od (Andrews
et al. 2010) and 2011ja (Andrews et al. 2016) as well as two IIn SNe 1998S
and PTF11iqb (Smith et al. 2015) at similar ages. Bottom: Same as top but
for day 1133 for SN 2013L as well as much later times for SNe 2007od,
1998S and PTF11iqb.

(Fransson et al. 2014), 15 per cent (Smith et al. 2015) and
<10 per cent (Mauerhan et al. 2014), respectively. On day 33,
VCSM = 84 km s−1, VSN = 2696 km s−1 and LH α= 1040.4, result-
ing in an Ṁ = 0.34–1.75 × 10−3 M� yr−1. The same mass-loss
rate is recovered within uncertainties throughout the evolution of the
SN, and by day 1509 has increased to ∼1.5–7.6 × 10−3 M� yr−1,
consistent with the mass-loss rates of PTF11iqb and SN 2005ip as
hypothesized above. Combined with wind velocities between 80
and 130 km s−1 this points to either a YHG or a non-eruptive LBV
progenitor for SN 2013L (Kiewe et al. 2012; Smith 2016).

5.2 Progenitor characteristics

As reported in Table 3, the resolving power of the XSHOOTER
observations is ∼7400 or 40 km s−1. The measured P-Cygni ab-
sorption of the narrow emission component is ∼100 km s−1, larger
than the resolution of the data. Therefore, we can assume that we
are resolving the line and that the CSM surrounding the SN has a

wind speed of 80–130 km s−1 depending on the epoch. This wind
velocity places the progenitor in a YHG or LBV wind regime that
suggests a MZAMS > 25 M�.

As has been eluded to throughout the text, the Hα profile seems to
suggest disc-like geometry. Rings and discs indicating asymmetric
mass-loss (perhaps due to interaction with a binary companion) are
common around many evolved massive stars (Brandner et al. 1997;
Smith, Bally & Walawender 2007b; Wallström et al. 2017). The
high instances of massive stars in binaries, of which 70–75 per cent
will likely interact (Sana et al. 2012; Kiminki & Kobulnicky 2012;
de Mink et al. 2014), make a binary system that causes equatorial
mass-loss likely. Close-binary progenitors are often invoked for
Type IIb SNe (Podsiadlowski et al. 1993; Maund et al. 2011; Smith
et al. 2011b; Benvenuto, Bersten & Nomoto 2013; Fox et al. 2014),
wherein the very nearby companion strips off the hydrogen envelope
and the SN explodes as a YSG with only trace amounts of H in the
atmosphere. If instead the binaries are further apart the radius of the
RSG can increase as nuclear burning progresses, causing mass-loss
and binary interaction (Smith & Arnett 2014). This mass-loss would
most likely be disc like and reside in the equatorial plane.

The high mass-loss rate, the asymmetric H lines, and the persis-
tent narrow absorption lines are all suggestive of a disc or torus of
CSM residing close the progenitor of SN 2013L that was created
due to a binary companion. The fact that we see a IIn and not a Ib/c
or IIb would seem to indicate that system was in RLOF when the
progenitor exploded since far too much hydrogen is still present for
substantial atmospheric stripping to have occurred. The progenitor
scenario for SN 2013L could even be similar to the current YHG star
HR 5171A. This highly evolved star appears to be in Wind Roche-
Lobe Overflow with a much smaller companion, wherein the YHG
wind does not completely fill the RL, but it is still gravitationally
stripped on to the companion (Chesneau et al. 2014).

5.3 Comparisons with other IIn

5.3.1 SNe 1998S and PTF11iqb

The unique profiles and persistent luminosity of H α in SN 2013L
warrant a comparison with other CCSNe that show signs of strong
CSM interaction. As is clearly seen in Fig. 5, with an absolute mag-
nitude of −19.0, SN 2013L is on par with PTF11iqb (−18.4) and
SN 1998S (−19.5). Not only are the absolute magnitudes similar,
but the B − V colour evolution (Fig. 6) of SN 2013L, SN 1998S
and PTF11iqb are also almost identical in the first few months.
Around 100 d, the light curves begin to diverge, with PTF11iqb and
SN 1998S continuing to drop in magnitude (the former at a less
drastic rate than the later) and SN 2013L hitting a plateau in R-band
brightness. From these two diagnostics alone, it would seem that
these three objects belong to their own subset of IIn CCSNe, but
the addition of the H α profiles further support this hypothesis.

Illustrated in Fig. 14, the multipeaked H α seen in SN 2013L
is reminiscent of that seen in SN 1998S and PTF11iqb. While the
complex H α was seen starting by day 33 in SN 2013L and day
37 in PTF11iqb, it was not until ∼200 d when the multiple peaks
appeared in SN 1998S (although asymmetries were present by day
100). Unlike PTF11iqb that shifts from having a prominent blue
peak early on, to a red peak in H α after day 500, SN 2013L has a
persistent blue asymmetry until our last spectra on day 1509. SN
1998S also maintains a blue peak well past ∼1000 d. Elsewhere
in the optical spectra the similarities end. Unlike PTF11iqb and
SN 1998S, SN 2013L does not show nebular emission lines in the
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spectra except for the Ca II IR triplet, supporting the presence of
strong CSM interaction that masks the ejecta emission.

For comparison we have added other non-IIn CCSNe SN 2004dj,
SN 2007od and SN 2011ja, which also show asymmetric and multi-
peaked H α, and have compared the profiles both at early (∼100 d)
and late (∼1000 d) times. Obvious in the early-time comparison
is the lower velocities of the blue component of the non-IIn ob-
jects. SN 2004dj exhibited a blue peak at −1770 km s−1 (Vinkó
et al. 2006; Meikle et al. 2011), SN 2007od showed a blue peak
at roughly −1500 km s−1 (Andrews et al. 2010) and SN 2011ja at
−1400 km s−1 (Andrews et al. 2016). The IIn SNe, however, have
blue peaks residing between −3500 and −5000 km s−1. There is
a −5000 km s−1 peak that begins to emerge at late times in SN
2007od, likely indicative of CSM/ejecta interaction much further
from the explosion, but it is a separate component from the early
peak at −1500 km s−1.

The measured CSM velocities for PTF11iqb, SN 1998S and SN
2013L are similar and indicative of a high-mass-extended progeni-
tor, with 1998S exhibiting 40 km s−1 speeds (Shivvers et al. 2015),
PTF11iqb has a resolution-limited CSM velocity of <80 km s−1

(Smith et al. 2015) and SN 2013L at 84 km s−1. The mass-loss rates
are also similar, with an Ṁ ∼ 0.3–7.6 × 10−3 M� yr−1 of SN 2013L
falling comfortably with both PTF11iqb (Ṁ ∼ 1 × 10−4 M� yr−1;
Smith et al. 2015) and SN 1998S (Ṁ ∼ 2 × 10−5 � yr−1; Fassia
et al. 2001), albeit on the higher side. While both PTF11iqb and
SN 1998S have mass-loss rates and progenitor wind speeds that are
suggestive of extreme RSG, YSG or YHG progenitors, the slightly
elevated wind speed and Ṁ of SN 2013L may be more likely due
to a YHG or LBV progenitor.

5.3.2 SN 2005ip

It is also worth taking a moment to discuss how SN 2013L is like and
unlike the well-studied IIn SN 2005ip. While the H α luminosity of
both objects began roughly equally, SN 2005ip is about 5 × more
luminous (Fig. 13) than SN 2013L at day ∼730. The R-band light
curve behaves similarly, but with the maximum absolute magnitude
of SN 2013L reaching roughly a magnitude brighter (Fig. 5) before
fading below that of SN 2005ip after 500 d. Additionally, the colour
evolution over the first 100 d is quite different, with SN 2005ip
staying much bluer at a constant (B − V) = 0.40, while SN 2013L
was gradually becoming redder (Fig. 6). Nebular and coronal lines
were prominent in SN 2005ip, but not seen in SN 2013L. These
differences could be attributed to asymmetries, as SN 2005ip seems
to be mostly spherical unlike the disc-like shape inferred for SN
2013L. This could account for the much brighter H α luminosity
of SN 2005ip that has a much larger area of CSM that can interact
with the SN ejecta.

6 C O N C L U S I O N S

SN 2013L is an enduring SN IIn with long-lasting CSM interaction
and prominent multipeaked H α emission. The multiple components
arise from the geometry of the system and the mass-loss history of
the SN progenitor. Narrow emission comes from the ionization
of the slow-moving wind from the progenitor, intermediate-width
components from the ejecta/CSM interaction and underlying broad
emission from the freely expanding ejecta. The blueshifted hydro-
gen component that is seen in all of our epochs, and the lack of
a redshifted component, indicates that either the CSM material is
distributed asymmetrically between us and the SN or that there is
a disc or torus of CSM. The narrow absorption that persists until

the last observation on day 1509 suggests that we are seeing the
system from roughly edge on. The onset of CSM interaction by day
5 and persisting until our last observation on day 1509 suggests a
dense and/or very extended CSM. If this object behaves anything
like SNe 2005ip and 1988Z we may continue seeing signs of CSM
interaction for years to come.

The narrow P-Cygni absorption indicates an outflow wind veloc-
ity between 80 and 130 km s−1, speeds commonly associated with
a YHG or quiescent LBV wind (Smith 2014). The observations we
present here suggest that SN 2013L has a more asymmetric and less
inclined CSM than the similar IIn SNe 1998S or PTF11iqb, and
were it to have a spherically distributed CSM would closely resem-
ble SN 2005ip. While the absolute magnitude of SN 2013L does not
put it in the superluminous SN regime, it is bright enough to require
an extreme amount of mass-loss in the years prior to explosion. With
objects such as SN 2013L and PTF11iqb, it becomes more apparent
that there are multiple progenitor scenarios that can likely give rise
to early and strong CSM interaction, including RSGs in a binary
system. The addition of CSM asymmetry in Type IIn SNe allows
us to be able to create a continuum among the non-super luminous
IIn, and opens the door for RSGs to be common progenitors for all
but the brightest SNe IIn.
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