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ABSTRACT

We present observations of SN 2015bn (= PS15ae = CSS141223-113342+004332 = MLS150211-
113342+004333), a Type I superluminous supernova (SLSN) at redshift z=0.1136. As well as being one of the
closest SLSNe I yet discovered, it is intrinsically brighter (My ~ —23.1) and in a fainter galaxy (Mp ~ —16.0)
than other SLSNe at z ~ 0.1. We used this opportunity to collect the most extensive dataset for any SLSN I to
date, including densely-sampled spectroscopy and photometry, from the UV to the NIR, spanning —50 to +250
days from optical maximum. SN 2015bn fades slowly, but exhibits surprising undulations in the light curve
on a timescale of 30-50 days, especially in the UV. The spectrum shows extraordinarily slow evolution except
for a rapid transformation between +7 and +20-30 days. No narrow emission lines from slow-moving material
are observed at any phase. We derive physical properties including the bolometric luminosity, and find slow
velocity evolution and non-monotonic temperature and radial evolution. A deep radio limit rules out a healthy
off-axis gamma-ray burst, and places constraints on the pre-explosion mass loss. The data can be consistently
explained by a > 10 M, stripped progenitor exploding with ~ 10°! erg kinetic energy, forming a magnetar with


mailto:matt.nicholl@cfa.harvard.edu

a spin-down timescale of ~ 20 d (thus avoiding a gamma-ray burst) that reheats the ejecta and drives ionization
fronts. The most likely alternative scenario — interaction with ~ 20 M, of dense, inhomogeneous circumstellar

material — can be tested with continuing radio follow-up.

Keywords: supernovae: general, supernovae: individual: SN 2015bn

1. INTRODUCTION

The parameter space of observed supernovae (SNe), in
terms of luminosity, duration and energy, has expanded dra-
matically since the turn of the century. Much of this progress
has occurred thanks to a new generation of transient sur-
veys. One of the most surprising results has been the dis-
covery of ‘superluminous supernovae’ (SLSNe; Quimby et al.
2011; Gal-Yam 2012), which reach peak absolute magnitudes
—21 2 M 2 —23 mag and thus are intrinsically brighter than
normal Type I and Type II SNe by at least 2 magnitudes.
These were initially discovered by the ROTSE-III robotic tele-
scope (Akerlof et al. 2003), and are now detected by untar-
geted sky surveys such as Pan-STARRS1 (PS1; Kaiser et al.
2010), the Palomar Transient Factory (PTF; Rau et al. 2009),
the Catalina Real-Time Transient Survey (CRTS; Drake et al.
2009), the La Silla QUEST survey (LSQ; Baltay et al. 2013),
and the All-Sky Automated Survey for Supernovae (ASAS-
SN; Shappee et al. 2014). Unveiling the progenitors and
explosion mechanisms of SLSNe is crucial for our under-
standing of massive star evolution. Due to their luminosity,
they have also generated interest as potential standard candles
for high-redshift cosmology (Quimby et al. 2013; Inserra &
Smartt 2014).

Traditionally, bright SNe indicate that a large mass of ra-
dioactive °Ni was synthesized in the explosion; its subse-
quent decay to *°Co and then °Fe provides the sustained
power input to keep the ejecta hot despite rapid expansion.
The peak luminosity in SLSNe (> 10* erg s™') would require
several solar masses of °Ni, yet late-time observations sug-
gest Mi < 1 Mg (Pastorello et al. 2010; Quimby et al. 2011;
Inserra et al. 2013; Chen et al. 2013). Furthermore, estimates
of the ejected mass in SLSNe suggest (M) ~ 10Mg (Nicholl
et al. 2015b), whereas a helium core mass of = 40 M, is re-
quired to synthesize a sufficiently high *°Ni mass (Moriya
et al. 2010).

SLSNe are divided observationally into hydrogen-poor
(Type I) and hydrogen-rich (Type II) subtypes (Gal-Yam
2012). When hydrogen is present in the spectrum, it usu-
ally appears in the form of strong, multi-component emission
lines (e.g. Smith et al. 2007), almost certainly indicating in-
teraction with the circumstellar medium (CSM). Such objects
are classified as ‘SLSNe IIn’, by analogy with the fainter SNe
IIn, which show narrow Balmer lines from shocked CSM. In
SLSNe IIn, the luminosity is generated in the conversion of
kinetic energy to radiative energy by shocks from the ejecta-
CSM collision. However, a small fraction of SLSNe II are
dominated by broader Balmer lines (Miller et al. 2009; Gezari
et al. 2009; Benetti et al. 2014), and in such cases the power

source is less clear-cut.

Hydrogen-poor SLSNe show spectral similarities to nor-
mal Type Ic core-collapse SNe, and hence have been termed
SLSNe I or Ic. Interaction models can also match the light
curves here (e.g. Chevalier & Irwin 2011; Ginzburg & Bal-
berg 2012; Chatzopoulos et al. 2013), although presumably
the CSM must be deficient in hydrogen to hide its spec-
tral signature (in fact, no narrow lines of any kind are de-
tected). The other model commonly invoked for SLSNe I is
one in which the ejecta are heated internally by a central en-
gine, in many ways similar to long-duration gamma-ray bursts
(LGRBs; Duncan & Thompson 1992; Woosley 1993; Mac-
Fadyen & Woosley 1999). The essential difference is that the
engine timescale in SLSNe is comparable to the ejecta diffu-
sion timescale, whereas in LGRBs, most of the energy is input
very early (Metzger et al. 2015). In this way, more of the en-
ergy in SLSNe goes into late-time observable radiation rather
than driving a jet. The leading candidate for this engine is the
spin-down of a nascent millisecond magnetar (Kasen & Bild-
sten 2010; Woosley 2010), though fallback accretion on to a
black hole has also been proposed (Dexter & Kasen 2013).

A few SLSNe I do exhibit slow light curve decline rates that
appear consistent with °Co decay, and have been suggested
to arise from pair-instability SNe (PISNe) in progenitors with
initial mass Mzams > 130 Mg (Gal-Yam et al. 2009). How-
ever, other properties, such as their blue colours (Dessart et al.
2012) and relatively fast rise times (Nicholl et al. 2013) ar-
gue against this interpretation. Moreover, their spectroscopic
evolution in the photospheric phase closely resembles other,
faster SLSNe I, suggesting that the slow-decliners may be
high-mass analogues of the more typical events (Nicholl et al.
2013, 2015b). Recently, Jerkstrand et al. (2016) computed
nebular phase spectra for PISN explosion models, finding
them to be highly discrepant with observed spectra of these
objects at ~ 400-500d after explosion.

In this paper, we present and analyse SN 2015bn, which
is one of the closest SLSNe I yet discovered. Its redshift of
z=10.1136 puts it behind only PTF10hgi (z = 0.098; Inserra
et al. 2013) and PTF12dam (z = 0.107; Nicholl et al. 2013) in
terms of published SLSNe I. We have used this rare oppor-
tunity to collect one of the largest and most densely sampled
datasets for any SLSN. The paper is structured as follows.
We discuss the discovery of the SN in section 2, photometry
in 3, and spectroscopic observations in section 4. In section
5, we construct the bolometric light curve and use it to derive
physical properties, which we model in section 6. Our optical
analysis is supplemented with the first late-time radio obser-
vation of a SLSN, presented in section 7. We describe the host
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Figure 1. Left: SDSS DR12 (Alam et al. 2015) pre-explosion colour image from 1999-03-22. The host galaxy of SN 2015bn is just visible as a
faint smudge. Right: LT follow-up image of SN 2015bn. The colour image was made by combining gri data obtained on 2015-03-01.

galaxy of SN 2015bn in section 8, before concluding with a
discussion of our findings in section 9.

2. DISCOVERY AND CLASSIFICATION

The transient was first discovered by the Catalina Sky Sur-
vey on 2014 December 23, by the Mount Lemmon Sur-
vey (a division of CRTS) on 2015 February 11, and the
Pan-STARRS Survey for Transients (PSST; Huber et al.
2015) on 2015 February 15. It therefore has three dif-
ferent survey designations: CSS141223-113342+004332,
MLS150211-113342+004333, and PS15ae. The IAU name
from the Transient Name Server' is SN 2015bn. We will
use this name throughout the paper. The sky coordinates are
a=11"33m41%.55, § =+00°43/33" .4 (J2000.0). Images of the
field before and after explosion are shown in Figure .

In PESSTO (Public ESO Spectroscopic Survey of Transient
Objects; Smartt et al. 2015) we ingest all publicly available
transients into a database and cross-match and combine pho-
tometry from multiple surveys. Within the PESSTO marshall,
SN 2015bn was identified as an unusual transient by human
scanners: it exhibited a long rise time and bright apparent
magnitude, and was coincident with a faint host galaxy. It was
therefore prioritized for spectroscopic classification, and was
observed by PESSTO on 2015 February 17 using EFOSC2 on
the ESO New Technology Telescope (NTT) at La Silla Obser-
vatory. The classification spectrum is available on WISeREP”
(Yaron & Gal-Yam 2012). It showed good matches with
young SLSNe I such as PTF12dam and PTF09¢cnd (Le Guil-
lou et al. 2015), and indicated a redshift z ~ 0.11. Subse-
quent detection of narrow lines from the host galaxy con-
firmed z = 0.1136 — making it one of the most nearby SLSNe

U http://wis-tns.weizmann.ac.il/
2 http://www.weizmann.ac.il/astrophysics/wiserep/

to date. On 2015 February 27, Drake et al. (2015) also re-
ported a spectrum, agreeing with our classification.

3. PHOTOMETRY
3.1. Imaging data reduction

Follow-up imaging observations of SN 2015bn were trig-
gered with a number of instruments. Optical data in ugriz
were obtained with the 2.0-m Liverpool Telescope (LT) us-
ing the 10:0 imager, and the 1.0-m Las Cumbres Obser-
vatory Global Telescope network (LCOGT). After ~ 200d,
deep ugriz images were obtained with EFOSC2 on the NTT.
These images were reduced by respective facility pipelines
(the PESSTO pipeline is described by Smartt et al. 2015),
including de-biasing and flat-fielding. PS1 data obtained in
the wp;-band were converted to the more standard r-band by
a shift of +0.1 magnitudes. The same shift was applied to
CRTS R-band data to match the better-sampled r-band. These
shifts were calculated from the observed spectra. UBVRI
data were obtained from the 16" Ritchey-Chretien telescope
(SLT) at Lulin Observatory, Taiwan. These were reduced us-
ing standard techniques in IRAF, correcting for bias, flat-field
and dark current. Near-infrared (NIR) images were taken us-
ing SOFI on the NTT and NOTCam on the Nordic Optical
Telescope (NOT). These were reduced using the PESSTO
pipeline, and the external IRAF package NOTCAM (version
2.5)°, applying flat-fielding and sky-subtraction on dithered
frames.

Photometric measurements were made on the reduced
frames using a custom PYRAF photometry pipeline, calling
standard DAOPHOT routines to fit the point-spread function
(PSF) and capture the SN flux. The nightly zero-points, in AB
magnitudes, were calculated using a sequence of local field

3 http://www.not.iac.es/instruments/notcam/guide/observe.html
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Figure 2. The observed multicolour light curves of SN 2015bn from
the UV to NIR. Magnitudes are given in their ‘natural’ systems: AB
for ugriz; Vega for the others. Constant offsets (labeled) have been
added for clarity.

stars in the Sloan Digital Sky Survey (SDSS) Data Release
12 (Alam et al. 2015). For the SLT photometry, the SDSS
ugriz magnitudes of the sequence stars were transformed into
UBVRI using the equations from Jordi et al. (2006). These are
reported in the Vega magnitude system. Errors in the SN mag-
nitudes include both the scatter in the zero-points and the un-
certainty in the PSF fit returned by DAOPHOT. ASAS-SN pho-
tometry was computed using a dedicated pipeline. Because
SN 2015bn was close to the limiting magnitude for ASAS-
SN (= 17 mag), we increased the signal-to-noise ratio of the
data using a noise-weighted stacking of neighbouring epochs.

For the latest epochs of ugriz/JHK imaging at ~ 250d, the
host galaxy contributes ~ 20% of the observed flux. Thus
we remove this flux as follows: for griz, we align the images
with SDSS templates and apply image subtraction using HOT-
PANTS" (based on the algorithms of Alard & Lupton 1998).
For uJHK, where template images without the SN are either
not available or are too shallow to effectively remove the host
flux, we do not use 2D image subtraction, but instead subtract
fluxes based on a model galaxy spectral energy distribution

4 http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
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Figure 3. Long-term CRTS/CSS (Drake et al. 2009) monitoring of
the location of SN 2015bn, compared to our observed r-band pho-
tometry.

(see section &) from our measured magnitudes. This method
works reasonably well since the host of SN 2015bn is faint
and compact, and the SN does not show a large offset from
the centroid.

We activated our approved Swift-GI program dedicated to
the study of nearby SLSNe (PI: Margutti), as well as a num-
ber of other Target-of-Opportunity programs (PI: Inserra). We
also include public data obtained under a separate program
(PI: Brown). Imaging was taken with the Ultraviolet and Op-
tical Telescope (UVOT), in the filters uvw2, uvm2, uvwl, u, b
and v. The SN flux was extracted following standard methods
(Brown et al. 2009) and using a 5 aperture, and calibrated
in the Swift photometric system (Poole et al. 2008). A shift
of +1.02 mag’ was used to convert the Swift u zeropoint from
Vega to AB system. While the transmission functions of the
Swift and ground-based u-filters are not identical, the photom-
etry obtained matches that from LT perfectly, hence we feel
justified in combining these data into a single, well-sampled
light curve. All photometric measurements, including epochs
of observation, instruments, and reference star magnitudes,
are given in the Appendix.

3.2. Observed light curves

The observed light curves of SN 2015bn, from UV to NIR,
are shown in Figure 2. SN 2015bn reached r-band maximum
light on MJD 57102. At r = 16.7 mag, it exhibits the bright-
est apparent magnitude of any SLSN I yet discovered. The
first detection from CSS is 88 d earlier, which translates to
79d in the rest-frame at z=0.1136. This makes SN 2015bn
a slowly evolving SLSN with one of the longest rise times to
date, similar to the estimate for iPTF13ehe (Yan et al. 2015).
To fill in the gap from this first detection until our classifica-
tion and follow-up campaign beginning at —28 d, we searched
archival images from PS1 and ASAS-SN. We recovered de-
tections in V- (ASAS-SN), i-, and z-bands (PS1), confirming
the long rise. While the wavelength and temporal sampling
is extremely dense during our follow-up campaign, the pre-
classification photometry is relatively sparse. This makes it
difficult to constrain the shape of the light curve at early times.

5 http://swift.gsfc.nasa.gov/analysis/uvot_digest/zeropts.html
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We will address this issue in the next section.

In Figure 3, we show the historical magnitudes measured at
the location of SN 2015bn by CRTS/CSS (Drake et al. 2009).
For clarity, we plot only the average detection limit, although
there are many historic non-detections (the SN 2015bn host,
at R ~ 22 mag, is well below the survey limit — see section 8).
The CSS photometry shows two possible source detections
(marked as unfilled stars on Figure 3) prior to the unambigu-
ous SN photometry (filled stars and circles). Without access
to the CSS data, we cannot check whether these points are
related to SN 2015bn. If real, this would be the first detec-
tion of historic variability at the location of a SLSN I (either
a pre-explosion outburst or another SN in the same galaxy).
We will not speculate further on the nature these early ‘detec-
tions’, and exclude them from the rest of our analysis.

3.3. Rest-frame light curves and colour evolution

To convert our photometry to absolute magnitudes in the
rest-frame of the SN, we correct for distance modulus, extinc-
tion, and differences in rest-frame filter wavelengths (the K-
correction)’. We use the dust maps of Schlafly & Finkbeiner
(2011) to correct for Milky Way extinction with E(B—V) =
0.022, and assume negligible extinction in the SN host. This
assumption is necessary, as the host emission lines are too
weak to use reliably for an estimate of internal reddening (see
section 8), but also reasonable since we do not see any strong
Na1 D absorption from the host, which is generally thought
to correlate strongly with dust extinction (Poznanski et al.
2012). K-corrections were calculated in the optical and NIR
by comparing synthetic photometry on our spectra (section 4)
in the observer and rest frames. This was facilitated by the
K-correction code SNAKE (Inserra et al. 2016). At this red-
shift, the size of the correction was typically < 0.2mag. In
the NUV, where we have no spectroscopic coverage, the cor-
rection was estimated as Kyy =—2.5log;,(1+z) =—0.12 mag.

SN 2015bn has M, = —22.0 4= 0.08 mag (AB) and My =
—23.07 £0.09 mag (Vega) at maximum light (where the un-
certainty includes a systematic error dominated by the K-
correction as well as the statistical error), making it compa-
rable to some of the most luminous SLSNe I (Vreeswijk et al.
2014; Nicholl et al. 2015b). However, this is about 1.5 mag
fainter than ASASSN-151h, the brightest known SN (Dong
et al. 2016). The rest-frame optical light curves are shown in
Figure 4. Overlaid for comparison is another well-observed,
low-redshift SLSN I: PTF12dam (Nicholl et al. 2013). The
decline rate after ~ 50 d is similar between these two objects,
but the light curves do have a number of differences. Most
obvious is the slower rise exhibited by SN 2015bn, where the
broad peak looks more symmetrical around maximum. SN
2015bn is also brighter than PTF12dam by ~ 0.5 mag in the
red filters, but the peak luminosities match in # band. Thus

6 We assume a flat ACDM Cosmology with Hy = 70kms™ Mpc™!, Qy =
0.27, Q = 0.73 throughout this work.
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Figure 4. Absolute rest-frame light curves in ugriz, including ex-
tinction corrections based on the infrared dust maps of Schlafly &
Finkbeiner (2011), and K-corrections from our spectra. Also shown
for comparison are the ugriz light curves of PTF12dam. The two
SLSNe show a similar decline rate beyond ~ 50d, but SN 2015bn
has a shallower rise, and an initially steeper decline around maxi-
mum.

SN 2015bn is brighter but redder than PTF12dam. How-
ever, after ~ 100d from peak, SN 2015bn is brighter in the
g-band (PTF12dam was not observed in u#-band at this epoch),
demonstrating a very slow colour evolution.

The slow colour evolution is shown explicitly in Figure
5, and compared to other SLSNe (all objects have been K-
corrected to rest-frame using their observed spectra). The
colour at peak is similar for most objects, with —=0.1 2> g—r >
—0.4 mag (though SN 201 1ke seems to have g—r = O mag).
However all the objects with slowly declining light curves
remain bluer for much longer than their fast-declining coun-
terparts. SN 2011ke, which settled onto a slow light curve
tail after around 50 d from maximum light, has a comparable
g—r colour to the slowly declining objects at 200d. The u—g
colour of SN 2015bn initially evolves to the blue, reaching a
minimum of ~ —0.1 mag at maximum light, before declining
relatively steeply compared to the optical-only colours. The
faster decline in the UV is expected as the SN cools. Opti-
cal colours are roughly constant from our first observations
at —25d until shortly after peak, with g—r~r—irci-z =
—0.2 mag. The optical colours then slowly evolve to the red.
SN 2015bn reaches g—r ~ 0.4 mag by +250 d. This evolution
is slower and bluer than any literature SLSN with such late
observations, as is seen in the bottom panel of Figure 5, and
from the g-band excess compared to PTF12dam in Figure 4.

Many SLSNe I exhibit a non-monotonic rise to maximum
brightness, with a fainter initial peak, or ‘bump’. These
bumps have been clearly detected for a number of individual
objects (Leloudas et al. 2012; Nicholl et al. 2015a; Smith et al.
2016). Recently, Nicholl & Smartt (2016) have shown that a
number of literature objects are also consistent with an un-
dersampled bump, and the relative faintness of this first peak
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2015bn shows a very shallow gradient. Data sources: Young et al.
(2010); Pastorello et al. (2010); Inserra et al. (2013); Nicholl et al.
(2013, 2014, 2015a).

makes it difficult to exclude in most cases. In Figure 6, we
plot the rising part of the light curve in the two filters with
the best early sampling: r- and V-bands. We fitted a third-
order polynomial (top panel) to each light curve. While either
band alone would be insufficient to test for the presence of a
bump, the two bands together show that if we were to assume
a smooth rise, we would derive a very surprising colour evolu-
tion. The V-band data clearly show a steeper decline than that
implied by a smooth fit to r-band. The V —r colour between
—-30d and peak is constant at —0.15 mag, but the fits suggest
the colour at early times would be more like V —r ~ 1 mag.
Such a dramatic change in colour over the rising phase (and
such a red colour at early times) is highly inconsistent with
other SLSNe I that have multicolour data available at this
phase (Leloudas et al. 2012; Howell et al. 2013; Inserra et al.
2013; Smith et al. 2016). Such objects generally show blue
colours, similar to what we see around the light curve peak
here, and a flat colour evolution before maximum. By con-
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Figure 6. The early absolute V- and r-band light curves of SN
2015bn. Top: Fits to the rising light curves with third order poly-
nomials. The V-band points from ASAS-SN suggest a steeper rise
than the early R-band detection by CSS. The implied colour at the
earliest epoch — V —r ~ 1 mag — would be much redder, and the
evolution much steeper, than other SLSNe at early times. Bottom:
assuming a constant colour in V —r, the pre-maximum light curve is
well matched by LSQ14bdq, with a stretch in time by a factor of 1.2.
The early point therefore seems to be more consistent with an initial
bump.

trast, if we assume that the colour evolution is relatively flat,
as in other SLSNe I, and combine our V- and r-band data into
a single light curve using the observed colour at peak, we find
that the rising light curve of LSQ14bdq (Nicholl et al. 2015a)
gives an excellent match to the data, after applying a temporal
stretch factor of 1.2 (bottom panel). Thus the multicolour data
seem to be more consistent with a bump similar to LSQ14bdq
and other SLSNe I observed at very early times. However, we
note that this is a larger stretch than was required for any of
the objects in Nicholl & Smartt (2016).

Our high-cadence photometry reveals the presence of sev-
eral more distinctive bumps/plateaus in the light curve, most
prominent in the UV bands. First the u-band shows a plateau
lasting 14 d in the rest-frame, until 10 d before maximum light
(Figures 2 and 4). This shows up clearly as a dip in the
UVOT uvm? light curve, which has an effective wavelength
~ 2230 A in the observer frame, or ~ 2000 A at the redshift
of SN 2015bn. We designate this feature ‘the shoulder’ for
all subsequent discussion. A second undulation is present
in all optical and UV filters at 50d after maximum light, or
MIJD 57158 — we call this ‘the knee’. It is known that UVOT
observations can occasionally be affected by artificial drops
in flux (Edelson et al. 2015). However the variability exhib-
ited by SN 2015bn is reliable for a number of reasons. These
flux ‘drop-outs’ are not expected to show correlated devia-
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Figure 7. Residuals after subtracting fits to the declining rest-frame
UV and optical light curves, showing the ‘knee’ at +50 d. The feature
is more pronounced in the bluer and UV bands.

tions spanning numerous successive epochs. Furthermore,
the biggest deviation is seen in uvm2, which was found by
Edelson et al. (2015) to have a lower drop-out rate than uvw?2
or uvwl. Most importantly, these light curve fluctuations are
seen at the same phases not only across all of the UVOT fil-
ters, but also match perfectly (in time and brightness) with the
fluctuations in our ground-based data.

To see the undulations more clearly, we fitted third-order
polynomials to the rest-frame light curve decline in each UV
and optical filter (after masking epochs between +40 and
+60d), and subtracted the fit from the full declining light
curve. Unfortunately, the NIR cadence is too sparse to show
if the knee exists there too. The residuals are shown in Fig-
ure 7. The excess is more pronounced in the blue and UV
bands. This temporary evolution to the blue can also be seen
in Figure 5, where the u—g colour evolves from ~ 0.6 mag
at +30d, to ~ 0.4 mag at +50d. A third undulation may oc-
cur at +100d. This is quite prominent in g-band, but the UV

light curves are not well sampled at this epoch. This type of
behaviour — a temporary late-time re-brightening, more pro-
nounced in the blue — has been seen before in one other SLSN,
SSS120810 (Nicholl et al. 2014). SN 2007bi also seemed to
exhibit a bump at ~ 100d after maximum, but no colour in-
formation is available at this phase (Gal-Yam et al. 2009). The
implications of these fluctuations will be discussed in sections
5 and 6.

4. SPECTROSCOPY
4.1. Spectroscopic reductions

Optical spectra of SN 2015bn were acquired using the
NTT and EFOSC2, the 6.5-m Magellan telescopes with the
IMACS and LDSS3 spectrographs, WiFeS on the Australian
National University 2.3-m telescope (Dopita et al. 2007),
LT with SPRAT, the 2.0-m LCOGT Faulkes Telescopes and
FLOYDS, and the University of Hawaii 2.2-m telescope with
SNIFS. All spectra were reduced, including de-biasing, flat-
fielding, object extraction, wavelength and flux calibration,
using instrument-specific pipelines or standard routines in
IRAF. The relative flux calibrations were achieved using stan-
dard star observations taken on the same nights as the SN
spectra. Details of the complete list of spectroscopic obser-
vations are given in the Appendix. NIR spectra were obtained
using SOFI on the NTT, and reduced using the PESSTO
pipeline to flat-field, sky-subtract and co-add the frames, ap-
ply wavelength calibration to the 2D frames, as well as a flux
calibration and telluric correction from standard star obser-
vations, and finally to extract the 1D spectrum. For every
spectrum, the absolute flux calibration was checked against
contemporaneous multicolour photometry; spectra were then
scaled to match the photometry if necessary. PESSTO raw
data are immediately available in the ESO archive’, and the
reduced data for the season in which SN 2015bn was observed
are due for bulk public release in late 2016°. In the meantime,
all spectra are available on WISeREP.

4.2. Spectroscopic evolution

The complete set of optical spectra are shown chronolog-
ically in Figure 8. SN 2015bn retains a blue continuum
throughout the observing season, and this is still present as
late as 240d after maximum light, i.e. the ejecta are not yet
fully nebular. The lines in the spectrum also evolve very
slowly. To show more clearly how the individual lines evolve,
and to identify the ions responsible, we normalized each spec-
trum by dividing by its mean flux, and fitted the continuum
with a third-order polynomial, which was then subtracted off.
Plotting the normalized, continuum-subtracted spectra in Fig-
ure 9, we can see directly how the line centres, velocities and
strengths evolve with time.

The line identifications in this section were made through

7 http://archive.eso.org/eso/eso_archive_main.html
8 See www.pessto.org
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Figure 8. Complete rest-frame spectroscopic evolution of SN 2015bn. Data have been corrected for extinction using E(B—V) =0.022 (Schlafly
& Finkbeiner 2011). The labels on the right give the phase with respect to optical maximum, as well as the instrument used in each observation.

detailed comparison with identifications and SYNOW fits
(Thomas et al. 2011) given for other SLSNe I by Gal-Yam
et al. (2009); Young et al. (2010); Pastorello et al. (2010);
Quimby et al. (2011); Chomiuk et al. (2011); Leloudas et al.
(2012); Inserra et al. (2013); Lunnan et al. (2013); Nicholl
et al. (2013, 2014). Furthermore, we examined similar mod-
elling of normal Type Ic SN spectra by Millard et al. (1999);
Sauer et al. (2006); Valenti et al. (2008); Hunter et al. (2009).
Line wavelengths in the rest frame were determined by con-
sulting the NIST Atomic Spectra Database (Kramida et al.

2015), and compared to absorption lines assuming a photo-
spheric velocity of 8000kms™' (see section 4.3). For the
most common ions, multiple lines of the same species were
checked for consistency using the interactive plotting func-
tionality of WISeREP (Yaron & Gal-Yam 2012). A full set of
self-consistent models to reproduce the spectral evolution of
SN 2015bn will be the subject of future work, but is beyond
the scope of this paper. In the discussion below, we use the
symbol A when referring to lines by their rest-frame wave-
length, and A when referring to redshifted absorption.
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Figure 9. Normalized and continuum-subtracted spectra of SN 2015bn. Line identifications are labeled using the following convention: ab-
sorption components are marked in dark red assuming a velocity of 8000 kms™'; emission lines are marked in black assuming they are centred
on zero velocity; host emission is marked in green; uncertain identifications are marked in grey. Subplots contain zooms to various parts of
the spectrum to show line evolution. Little spectroscopic evolution occurs from —27d to +7 d; the spectrum then undergoes something of a
transformation at some time between +7 d and +20 d; the spectrum beyond 20-30d evolves very slowly once again.

It is immediately clear from Figures 8 and 9 that the spec-
tra divide fairly cleanly into two phases. Very little evolution
is seen from our first spectrum at —27 d through to +7d. Our
highest signal-to-noise spectra taken over this period are over-
laid in Figure 9 (purple to dark green lines). Between +7 and
+20d, the spectrum undergoes something of a transformation,
after which it evolves very slowly for the next 200d. This
result is independent of any model assumptions or line iden-
tifications. Sample spectra from this second phase are also
overlaid in the figure (light green to red lines).

The early (r < 7d) spectra are dominated by blue contin-
uum emission, superimposed with fairly weak, broad absorp-
tion features and P Cygni lines. In the blue, we clearly see
the O 11 absorption lines that have come to characterise the
SLSN I class; however, in this case the absorption at 4300 Alis
stronger and broader than the other lines. This could indicate
a contribution from Fe 111 A\4430. Between 3000-3600 ;\, we
detect absorptions that have been attributed to Fe 111 and Si 111
in other SLSNe I (e.g. Leloudas et al. 2012; Lunnan et al.

2013). Moving to redder wavelengths, we see signatures of
Fe 11 at ~ 5000-6000 A, along with Na1D and Si 11 A6355. We
tentatively associate the feature at ~ 7000 A with C11 A\7234.
To the red of this we see a fairly strong O 1 A7774, which may
include some contribution from a Mg 1T line of similar wave-
length.

We may also see some spectroscopic indication of hydro-
gen at early times. Yan et al. (2015) presented an Ho emis-
sion line in the nebular spectrum of iPTF13ehe, caused by
late-time (= 200 d) interaction with hydrogen-rich material at
a large radius, but no hydrogen was seen in the photospheric
phase. The upper right panel of Figure 9 includes the region
around Ha (rest-wavelength 6563 A). There is an absorption
in the earliest spectrum at 6300 A, which is consistent with
Ha at a velocity ~ 8000 km s~ However, an alternative iden-
tification for this line is C 11 A6580, particularly if the line at
7000 A during this phase is also carbon. On the other hand,
the absorption at 6300 A vanishes by the time of maximum,
light, whereas the 7000 A line persists.
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Figure 10. Close-ups of the early spectra of SN 2015bn around the
wavelengths of Ha and HB. Thick lines show the rest-frame loca-
tions of lines in velocity space, while thin lines show the same lines
redshifted by 8000 kms™" from their rest wavelengths. The earliest
spectra show possible absorptions due to hydrogen, which disappear
before maximum light. However, the origin of these lines is not to-
tally certain, due to blending with blueshifted C 11 and Fe 11.

In a further attempt to break the degeneracy, we look more
closely at the region around Ha and Hf (in velocity space)
in Figure 10. The strongest line in the vicinity of Hf is
Fe 11 A\4924, which was identified for SN 2007bi by Gal-Yam
et al. (2009); Young et al. (2010), and is consistent with a
SYNOW fit to LSQ12dIf by Nicholl et al. (2014). The ini-
tial blueshift of the P Cygni peak may indicate that the line
is at first blended with H/; this blueshift quickly disappears
along with Ha. There is also an absorption in the earliest
spectrum located at ~ 8000 km s~ bluewards of H3. How-
ever, the effects of line blending make a firm association with
Hp difficult. Overall, we consider it plausible, though by
no means certain, that these lines are from unburned hydro-
gen. Parrent et al. (2015) showed that the line profiles around
6200-6500 A in superluminous and normal Type Ic SNe may
be better reproduced by including hydrogen as well as SiIl.
Although their analysis was based on a SLSN spectrum well
after maximum light, the resolved absorption features in the
early spectrum of SN 2015bn may provide independent evi-
dence of this claim.

If hydrogen is present in the spectrum of SN 2015bn, in-
dicating that some small amount of the progenitor’s envelope
managed to remain bound before explosion, we might also
expect to see some helium (though this is much more diffi-
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Figure 11. NIR spectra of SN 2015bn from SOFI. Regions with
strong telluric lines have been masked. The black curves are
smoothed using a 15-pixel median filter for clarity. The main lines
in the NIR are the Ca1l NIR triplet, Mg 11, and an unidentified line
that could be either He I or C1.

cult to excite). While the strongest optical He I line is gener-
ally hard to distinguish from the Na1D lines, our NIR spec-
tra (Figure 11) show a clear line at ~ 10800 A that could be
He 1 A10830. This line is expected to be 2-10 times stronger
than the strongest optical line of He1 (Inserra et al. 2013).
Few NIR spectra of SLSNe I exist, but Inserra et al. (2013)
saw a similar feature in SN 2012il. Normal SNe Ic generally
exhibit P Cygni lines with a deep absorption component at this
wavelength. However, the identification of this line has been
hotly debated in the literature. (Patat et al. 2001) claimed a
detection of He in the NIR spectrum of the LGRB-associated
Type Ic SN 1998bw, but this has been challenged by Tauben-
berger et al. (2006); Hachinger (2011). It has been argued that
this line may contain a large contribution from C1, since the
other strong helium line in the NIR (~ 2.1 ym) tends to be
weak or absent in SNe Ic, unlike in He-rich SNe Ib (Hunter
et al. 2009). Unfortunately, our wavelength coverage does not
extend to 2 um for SN 2015bn. While the line could plausibly
be Hel, a firm identification is not possible. The presence of
carbon in the optical spectrum may suggest that C1 is a more
likely explanation for this feature. Other species that could
contribute at this wavelength are Mg IT and Si1I. Future spec-
tral modelling will be required to determine the nature of the
10800 A line.

Returning from our digression to the NIR, we now examine
the optical evolution after maximum light. Looking again at
Figure 9, the most obvious changes occurring between 7 and
20d after maximum are the emergence of Mg1] A4571 emis-
sion, strong Fe I lines between 4000-5500 A, and Na1D ab-
sorption. There is also an unidentified line at around 6100 A-
this could perhaps be a detached, high-velocity component of
Si1 with a velocity of ~ 16000 km s7!, but it would be very
surprising for a high-velocity line to appear only at late times.
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Figure 12. Velocity evolution compared to other SLSNe. Measure-
ments were made by fitting Gaussian curves to absorption minima,
using lines that appeared to be largely unblended throughout the pho-
tospheric evolution. Comparisons with other SLSNe indicate rela-
tively low velocities. The flat velocity curve is markedly different
from the normal Type Ic SN 2007gr. Data sources: Young et al.
(2010); Pastorello et al. (2010); Inserra et al. (2013); Nicholl et al.
(2013).

At the same time, the O 11 and Fe 111 lines that previously dom-
inated the blue part of the spectrum weaken and disappear as
the ejecta cool and these species recombine. The P Cygni line
at 7000 A is replaced by an asymmetrical emission line due to
[Ca11] AA7291,7323. The [Ca11] shows a steep blue side but
a broad red wing. One explanation for this asymmetry could
be blending with C1II or Fe11. At the same time, we start to
see likely emission from [O 1] AA6300,6364 and the Ca 11 NIR
triplet at 8500 A. The strengths of the calcium lines, as well
as O1\7774 and the Na1D absorption, increase substantially
after +50d. The final spectrum obtained at +243 d (and after
SN 2015bn had returned from behind the sun) remains largely
similar, with significant continuum persisting in the blue. The
only noticeable change over this period is that some emission
lines (especially calcium) increase in luminosity, and absorp-
tion lines (especially sodium) increase in depth. The spectra at
> 100-200d, with necessarily longer exposure times, finally
reveal the presence of faint nebular emission lines originating
in the host galaxy, from which we securely derive the redshift
of z=0.1136.

4.3. Line velocities

The various subplots in Figure 9 show close-ups of different
spectral lines. We can see that the minima of all absorption
lines, as well as the peaks of some P Cygni profiles, move
gradually to lower velocities (i.e. redder wavelength) as the
spectrum evolves. We measured the photospheric velocity as
a function of time using a number of ions by fitting Gaussian
profiles to each line and determining the blueshift of the ab-
sorption minima. It is common to use the Fe 11 A5169 line to
measure photospheric velocities (e.g. Nicholl et al. 2015b).

However, in SN 2015bn this line seems to be blended with
Fe 111 at early times. Moreover, our densely sampled spectra,
spanning ~ 200d in the rest-frame, shows that the peak of
the P Cygni profile moves significantly to the red as the spec-
trum evolves, such that we cannot be confident that the same
line dominates the absorption at all times. To get the most
consistent velocity measurements, we choose lines that ap-
pear to be unblended for the majority of spectra. The smooth
evolution towards lower velocity is particularly clear for the
SiIt A6355 and O1A\7774 lines, so we used these two lines,
along with Fe 11 A4924, to measure the photospheric velocity
of SN 2015bn.

The velocity measurements are shown in Figure 12, and
compared with other SLSNe (using the same lines). We per-
formed the measurements ourselves for PTF12dam and SN
2010gx, whereas the velocities for SNe 2007bi and 2011ke
were taken from Young et al. (2010) and Inserra et al. (2013)
respectively. All of the ions indicate relatively lower veloc-
ities in SN 2015bn: =~ 8000 kms~' at maximum light com-
pared to 9000-12000kms~" in the other objects. Nicholl
et al. (2015b) estimated a median maximum-light velocity of
10500 + 3000 km s~! for SLSNe I, so SN 2015bn falls at the
low-end of the expected range. The O 1 line shows the highest
velocity, and Fe 1T the lowest, as we would expect for a sensi-
ble stratification of the ejecta, with heavier nuclei towards the
centre. The effect is compounded as the O line is relatively
strong, such that absorption in the outermost, rarified material
(which has the highest velocity) is still significant.

The temporal evolution in the measured velocities is very
slow, decreasing by only ~ 3000kms™' during a period of
nearly 150d, and seemingly staying constant thereafter. For
comparison, the Fell velocity of the normal Type Ic SN
2007gr is also shown. Although these SNe show similar post-
maximum velocity, SN 2007gr underwent a steep deceleration
around maximum light. The relatively flat velocity curves of
SLSNe I have been interpreted as one possible signature of a
central engine accelerating the inner ejecta (Kasen & Bildsten
2010; Chomiuk et al. 2011; Nicholl et al. 2015b). The un-
precedented spectroscopic coverage of SN 2015bn — together
with low velocities that reduce some of the effects of line
blending — reveals the clearest indication yet that at least some
SLSNe have very shallow velocity gradients in the ejecta.

4.4. Comparisons

In Figures 13 and 14, we compare our spectra of SN 2015bn
to other SLSNe from the literature. First we consider ob-
jects with broad light curves similar to SN 2015bn (Figure
4). SN 2007bi (Gal-Yam et al. 2009; Young et al. 2010) and
PTF12dam (Nicholl et al. 2013) are some of the best observed
examples. As demonstrated by Figure 13, the spectroscopic
evolution of SN 2015bn is an excellent match to these ob-
jects. In particular, all three objects exhibit a distinctive ‘trio’
of lines between ~ 5700-6500 A at late times. However, there
are some differences. SN 2007bi shows stronger emission
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Figure 13. Comparison of selected spectra with other slow-fading
SLSNe at similar phases: PTF12dam (Nicholl et al. 2013) and SN
2007bi (Gal-Yam et al. 2009; Young et al. 2010). The spectroscopic
evolution is nearly identical, although SN 2015bn shows FelIl at

~ 4000 A at earlier phases than PTF12dam, which shows only O 11
at this wavelength at —15d. SN 2007bi exhibits the same lines at late
times, but the features are more pronounced at ~ 100 d.

lines at ~ 100d, especially in Mg1] and [Call], suggesting
that SN 2007bi develops a significant nebular component ear-
lier than the other two objects.

SN 2015bn also exhibits a slight difference compared to
PTF12dam at very early times. While the two objects look
virtually identical at peak, the shapes and equivalent widths
of the O 11 lines at 4000-4600 A in PTF12dam at —15d were
very similar to those in fast-declining SLSNe I, whereas in
SN 2015bn these lines are weaker and may be blended with
Fe 111 \4430 at the time of our earliest spectra > 20 d before
maximum. Given that the continuum temperature looks vir-
tually identical to PTF12dam, the differences may be due to
velocity structure or composition. That the spectrum of SN
2015bn looks unchanged for longer around maximum light
than PTF12dam is consistent with its shallower rise, and may
be linked to the pre-peak shoulder in the light curve. In sum-
mary, the early detection and high-cadence spectra reveal a
small degree of diversity among these objects, but overall the
spectroscopic evolution of SN 2015bn confirms the similar-
ity of this object to PTF12dam and SN 2007bi. Given the
relatively low velocities and high signal-to-noise spectra of
SN 2015bn, this is an ideal dataset for detailed spectroscopic
modelling in the future, to confirm our line identifications and
explain the slight differences between the SLSNe. However,
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Figure 14. Comparison of selected spectra with the more common
fast-evolving SLSNe. Although the objects share all important lines,
SN 2015bn shows a number of differences from these objects: it

shows stronger absorption above 5000 A before maximum light,
whereas 2010gx is relatively featureless in this region; lines are no-
ticeably less broad in SN 2015bn, corresponding to lower velocities
(c.f. Figure 12); SN 2015bn retains a very blue continuum for much
longer (c.f. Figure 5). Data from Pastorello et al. (2010); Inserra et al.
(2013); Nicholl et al. (2014).

such modelling is beyond the scope of this paper.

We now compare and contrast the same sequence of spec-
tra with some typical fast-declining SLSNe I (the same ob-
jects used for the colour comparison in Figure 5). In fact, the
most obvious difference in Figure 14 was already revealed by
Figure 5: that while most SLSNe I evolve to the red after
maximum light, SN 2015bn (and other slow decliners) main-
tain a strong blue continuum for much longer. The other im-
portant difference is in the line widths; the fast-declining ob-
jects show significantly more Doppler-broadening and blend-
ing compared to SN 2015bn, as expected from their higher
velocities (Figure 12). Despite these differences, the slow-
and fast- declining SLSNe I do display nearly all the same
lines, and in the same order — particularly O 1I before max-
imum light and Ca1i, Mg1], Fe1l and Si1I afterwards — but
the lines only become prominent at +30—50d in objects like
SN 2015bn, in keeping with their slower photometric evolu-
tion. This degree of similarity clearly suggests a link between
the fast and slow SLSNe I. Higher ejecta mass could simul-
taneously explain the broader light curve, lower velocity, and
later formation of lines in the slow objects like SN 2015bn.
In order to account for the persistent blue continuum, more
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Figure 15. Comparison of late-phase spectra of SLSNe and other
SNe Ic. All spectra have been corrected for extinction. Objects
are plotted in order of increasing line velocities (top to bottom).
The spectrum of SN 2011bm has been de-reddened by an additional
E(B-V) =0.4 for ease of comparison. The four objects show all
the same major spectral features (marked on the plot), apart from
in the shaded blue area between ~ 5700-6500 A, where SN 2015bn
shows a distinctive trio of lines. The vertical lines mark the rest-
frame wavelengths of the transitions labelled. The region between

3000-4000 A is likely also affected by absorption due to Mg 11, Ti 1T
and Fe-group elements (e.g. Millard et al. 1999). Data from Patat
et al. (2001); Valenti et al. (2012); Nicholl et al. (2014).

late-time heating may be required.

The literature contains numerous comparisons between the
early (photospheric) spectra of SLSNe I and of normal and
broad-lined SNe Ic (e.g. Pastorello et al. 2010; Inserra et al.
2013). Given the high signal-to-noise late-time spectra of SN
2015bn, we now have an opportunity to do a similar com-
parison times when the objects are evolving towards the neb-
ular phase. A full nebular comparison is not possible yet,
as SN 2015bn retains significant continuum and absorption
lines even at +243d. In Figure 15, we plot the +106d spec-
trum of SN 2015bn along with the spectroscopically normal
(but high mass) Type Ic SN 2011bm (Valenti et al. 2012) and
the broad-lined, LGRB-associated Type Ic SN 1998bw (Patat
et al. 2001) at comparable phases. We also show the spectrum
of the fast-declining SLSN I SSS120810 at +44 d. Unfortu-
nately, no high signal-to-noise spectra of this kind of event is
available beyond ~ +50 d, as high redshifts make observations
of fast-declining SLSNe challenging at this phase. A later
spectrum of SSS120810 at +60d does exist (Nicholl et al.
2014) and looks virtually identical to this one, but we use the
earlier spectrum as it has a much higher signal-to-noise ratio.
Given the faster spectroscopic (and photometric) evolution of
these events, it is not unreasonable to compare a fast event at
~ +50d with SN 2015bn at ~ +100d.

The four objects show all the same major spectral features,
apart from in the region between ~ 5700-6500 A, where SN
2015bn shows the distinctive trio of lines. The fast-declining
SLSN does not show NaI D or the unidentified line at this

phase. We note that SN 2015bn started to exhibit the trio of
lines as early as +50d, despite the much slower evolution in
all of the lines it shows in common with SSS120810. This
gives us some confidence that this trio may represent a real
spectroscopic difference rather than an artefact of the phases
we choose for the comparison. The GRB-SN 1998bw does
not exhibit the central, unidentified line of the trio, but agrees
in the other two lines (Sill and NaT). This could be a con-
sequence of line blending due to the higher velocities in this
object. SN 2011bm does show three absorptions within the
shaded region, but apart from Nal, the profiles seem to be
redshifted relative to SN 2015bn, and may not actually be
the same lines. The other distinctive difference is in the Call
lines. SN 2015bn is the only object that shows a larger lumi-
nosity in the forbidden line at 7300 A than in the allowed NIR
triplet at 8600 A. A detailed explanation of these line differ-
ences is beyond the scope of our study, but may hold clues to
whether there are significant differences in the ejecta condi-
tions between different stripped SNe. In particular, the strong
[Ca11] emission in all slowly-declining SLSNe has yet to be
understood (Gal-Yam et al. 2009).

5. BOLOMETRIC LIGHT CURVE AND PHYSICAL
PROPERTIES

5.1. Flux integration and blackbody fits

The next step in our analysis was to construct the bolomet-
ric light curve of SN 2015bn. Because the photometric ob-
servations span the full wavelength range from the UV to the
NIR, the bolometric luminosity could be estimated relatively
straightforwardly. After applying reddening corrections and
K-corrections to the measured magnitudes, and correcting for
distance modulus at z = 0.1136, the absolute rest-frame light
curve in each filter was interpolated to match the epochs with
g- and V-band observations. Magnitudes were then converted
to spectral luminosity (Ly) to give a spectral energy distribu-
tion (SED) at each point on the light curve. To get the lumi-
nosity, we integrated each SED numerically, assuming fluxes
go to zero at the blue edge of the uvw?2 band and the red edge
of K-band.

We also fitted blackbody curves to each SED. As well as
enabling a check that the SED looks sensible, these fits were
used to derive temperatures and radii. In Figure 16, we plot
the SED and blackbody fits at 4 representative epochs: our
earliest epoch with multicolour photometry at —27 d; maxi-
mum light; +30d, sampling the steeper decline prior to the
knee; and +75 d, sampling the slower post-knee decline. At
early times (top row of figure), the blackbody fits are poor
around the peak of the SED. This has been observed before
(e.g. Chomiuk et al. 2011), and is a consequence of metal
line absorption in the UV, which significantly suppresses the
flux bluewards of ~ 3000 A. Therefore we also fitted a ‘two-
temperature’ blackbody model, using two components that
meet at the u-band. These curves (shown in Figure 16) are not
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Figure 16. Spectral energy distribution of SN 2015bn at represen-
tative points during its evolution. Fractions of flux emitted in the
UV (bluewards of u-band), optical (u- to z-band) and NIR (redwards
of z-band) are labelled. The SED peaks in the u-band at all epochs
shown, but can be seen moving into g-band beyond ~ 75d. Also
shown are blackbody fits. Solid line: fit to all points; dashed line:
fit u- to K-band; dash-dotted line: fit uvw2- to u-band. The separate
fit to the UV shows a lower colour temperature at early times due to
line blocking by metals.

intended to suggest two physically distinct temperature zones,
but simply to demonstrate the very different colour tempera-
ture in the UV due to the strong absorption. The red compo-
nent (- to K-band), is not subject to substantial line block-
ing, and should thus give a better overall representation of
the colour temperature of the underlying continuum emission.
The amount of line absorption increases with time across the
UV and optical (Figure 9). However, as the ejecta cool and
the peak of the SED moves into the optical, we find that by
~ 75d the SED can be described well by a single blackbody
fit from the UV to the NIR. At all epochs, integrating the two-
component blackbody model from 1000-25000 A gives a lu-
minosity estimate that is consistent (to within < 5%) with that
obtained by directly integrating the observed fluxes.

In the UV and optical filters, our photometric sampling is
sufficient that linear interpolation between epochs was gen-
erally only over periods of a few days, and therefore does
not wash out the substructure in the light curve (shoulder and
knee; see section 3). The NIR is not sampled quite so densely,
but this is not problematic, as the NIR contribution to the over-
all flux is relatively modest. As demonstrated by Figure 16,
at maximum light the NIR contribution is < 10%, rising to
~ 20% during the decline phase. Since we lack NIR observa-
tions earlier than —9 d, we assumed constant colours in g—J,
g—H and g—K for the early points. The blackbody fit in

the first panel of Figure 16 shows that this is a reasonable as-
sumption. At the very earliest epochs, we have only a single
filter — in this case we assumed the same bolometric correc-
tion as at —27 d. This assumption should be perfectly reason-
able for small extrapolations, but is questionable for the ear-
liest CRTS point — for example, Nicholl & Smartt (2016) and
Smith et al. (2016) found temperatures ~ 25000 K during the
early bump phases of SLSNe, compared to temperatures of
10000-15000 K at maximum light. For our latest photometric
point at +243 d, we lack UV data. The bolometric luminosity
here was estimated by integrating a one-temperature black-
body fit to the optical and NIR data.

5.2. Luminosity, temperature and radius

The bolometric light curve, as well as the temperatures and
radii inferred from the blackbody fits, are plotted in Figure
17. We divide the evolution into five phases for our analy-
sis; these are labelled a, b, ¢, d and e in the figure. In region
a, the evolution is only partially observed. We have an iso-
lated point at =79 d with a large error due to the reliance on
an uncertain bolometric correction. At this phase, the point
could be part of a long smooth rise, but our analysis in section
3 suggested that it was more likely to be connected with the
initial bump phase exhibited shortly after explosion by many
SLSNe I (Leloudas et al. 2012; Nicholl et al. 2015a; Nicholl
& Smartt 2016; Smith et al. 2016). When we pick up the ob-
ject again with ASAS-SN, it is —54 d from peak and rising. As
we only have single-filter photometry at this time, we have no
information about the temperature or radius during region a.

Region b encompasses the pre-maximum shoulder, first
pointed out in section 3. This lasts for around 12 d, and seems
to be a flat plateau in bolometric space. The blackbody tem-
perature decreases from ~ 12000 K to ~ 11000 K during this
phase (based on optical-NIR blackbody fit). This drop is com-
pensated by an increase in the radius of the emitting surface.
The change in radius over time during this phase is consistent
with our measured velocities in Figure 12 — these curves are
overplotted here. If we extrapolate the O I velocity backwards
to Rgg =0 (assuming a deceleration of 26 km s1d7!, based
on the velocity evolution shown in Figure 12), we arrive at an
explosion date 92 d before maximum light. However, as the
ejecta will likely have undergone steeper deceleration at early
times, the 92 d rise should be considered an upper limit only.
If the explosion occurred < 92 d before peak, then the detec-
tion at —78d would most likely be during the initial bump
phase, assuming SN 2015bn follows a similar morphology to
LSQ14bdq. This agrees with our analysis in section 3.

The next phase of the light curve, labelled c, is the broad,
smooth peak. Over 15d, SN 2015bn rises to a bolomet-
ric maximum with Lpe = 2.3 £0.4 x 10% ergs™'. The light
curve is quite symmetric close to maximum, then settles onto
a smooth decline until ~ 30d later. The luminosity closely
tracks the temperature evolution, which shows an increase
back to 12000 K at maximum and then declines smoothly af-
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Figure 17. Top: bolometric light curve of SN 2015bn, obtained by
integrating the flux from the uvw2 to K-band. Empty symbols mark
epochs where the luminosity has been estimated using a large extrap-
olation in colour. The thick grey line is a linear fit to the last 10 data
points. Middle: Temperature evolution of best-fit blackbody models
— black circles correspond to the solid lines in Figure 16; cyan di-
amonds correspond to the dashed lines in the same figure. Bottom:
Evolution of blackbody radius. Symbols have same meanings as in
temperature plot. We overplot lines calculated from the velocity evo-
lution in Figure 12, choosing an initial radius to match the blackbody
evolution between —27 to +30d.

terwards. The radius largely continues to track the line veloci-
ties, indicating that photospheric recession is relatively unim-
portant during this phase. Therefore the changes in the spec-
trum occurring a few weeks after maximum light are primar-
ily driven by the decrease in temperature. That the spectrum
shows so little evolution prior to this can also be understood
in terms of the temperature evolution, which varies by only
around 10% from our first measurement until ~ 15d after
maximum.

The most interesting behaviour occurs at 2> 30 d. This is the
beginning of the knee in the light curve, which we designate
region d. The blue excess visible in Figure 7 shows up clearly
as a brief plateau in the bolometric output, during which time
the temperature stays constant at around 8500 K. The radius
stops tracking the measured line velocities, and begins to de-
crease from its maximum value of 10'®cm, indicating that
the photosphere is receding through the ejecta faster than the
ejecta are expanding. Up to this point, the measured velocities
were slowly decreasing, but during region d they settle onto

a constant ~ 6500kms~! (see also Figure 12). This suggests
a change in the ejecta structure, with a flatter velocity profile
inside some mass coordinate. This will be discussed in more
detail in section 6.5.

Finally, in region e the bolometric luminosity settles onto
a long, slow decline, which we followed for 60 d before SN
2015bn disappeared behind the sun. Since its return just be-
fore the end of 2015, our observations are consistent with the
same slow decline rate, as demonstrated by a linear fit across
this part of the light curve. The temperature is approximately
constant at 7000 K. Meanwhile the radius looks to have de-
creased slowly and smoothly to ~ 4 x 10" cm. During this
phase, the blackbody fits to the full UV-NIR wavelength range
give much the same colour temperature as the optical-NIR
fits; this is expected given Figure 16. The total radiative out-
put integrated across regions a-e is Eryg =2.340.5 x 10°! erg.

5.3. Bolometric comparisons

In Figure 18, we compare the bolometric light curve of
SN 2015bn to other SLSNe I. The late-time decline rate of
SN 2015bn is a near-perfect match for PTF12dam and SN
2007bi. The fast-declining SLSN 2011ke transitioned to a
tail phase after around 50d, which also matches this slope
(though not all SLSNe seem to show this behaviour). The
decline rate is suspiciously similar to the decay of *°Co; this
will be discussed in more detail in section 6. Looking more
closely at the light curve shape around peak, SN 2015bn
does show a marked difference from other slow-declining
SLSNe I observed so far. PTF12dam and SN 2007bi ap-
pear to begin their slow-declining tail phase immediately af-
ter maximum light, whereas SN 2015bn initially shows a
steeper decline more reminiscent of faster SLSNe. The mea-
sured bolometric decline rate between days +10 and +30 is
0.038 mag d~!, which is almost identical to LSQ12dIf around
the same phase, whereas PTF12dam declines at a rate of only
0.011 magd~'. The initially steeper decline rate may indicate
a lower mass compared to PTF12dam; however, the rise time
may be longer, and argues in the opposite direction. Mass
estimates from model fits will be presented in section 6.

While on the subject of the rise time, another useful com-
parison can be made to PTF12dam if we assume that the ear-
liest detection of each event is close to the time of explosion;
this is shown in the bottom panel of Figure 18. In this case, the
time to peak of PTF12dam matches the time to the shoulder in
SN 2015bn. The discrepancies between the light curves then
appear between ~ 60-140d after explosion, as SN 2015bn
undergoes a number of undulations of decreasing amplitude
(there is potentially a third, weak undulation around 150 d),
before joining smoothly onto a tail phase that again matches
PTF12dam. This shows that, without a clear picture of the
physical mechanism underlying the light curve undulations,
it is difficult to know which phases are most appropriate to
make like-for-like comparisons between the SNe. That the
spectrum of SN 2015bn during the shoulder phase looks like
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Figure 18. Top: Comparison of SN 2015bn bolometric light curve
with other SLSNe I. Empty symbols and dashed lines indicated lu-
minosities estimated from single-filter photometry. The slow decline
very closely matches that seen in PTF12dam and SN 2007bi. We
note that the tail phase of SN 2011ke (which initially shows a fast
decline) has a very similar slope. The slope is approximately con-
sistent with fully-trapped cobalt decay. Inset: The drop from light
curve peak is initially steeper for SN 2015bn compared to the other
slow-decliners. Bottom: Assuming we can map the first detections
to explosion dates, the shoulder in SN 2015bn closely matches the
peak in PTF12dam. SN 2015bn then shows 3 undulations of decreas-
ing amplitude during the ‘decline’ phase (though the first of these is
the absolute bolometric maximum). Data sources: Pastorello et al.
(2010); Young et al. (2010); Inserra et al. (2013); Nicholl et al. (2013,
2014); Chen et al. (2015).

PTF12dam at maximum light may indicate that this alignment
gives a fairer comparison than the ‘days-from-peak’ approach
used elsewhere in this work. Fortunately, this is not crucial
for the analysis to follow.

6. PHYSICAL MODELS
6.1. Light curve fits

To better understand the nature of SN 2015bn, we fitted the
bolometric light curve with diffusion models based on the var-
ious power sources proposed for SLSNe: a magnetar engine;
circumstellar interaction; and radioactive decay. The neces-
sary equations and fitting procedures have been extensively
described by Inserra et al. (2013); Chatzopoulos et al. (2012);
Nicholl et al. (2014), and are based on the original diffusion
solution of Arnett (1982) with constant opacity. There is a

degree of uncertainty as to what value to use for the opacity
when modelling SLSNe. In the optical, the dominant source
of opacity is electron scattering. For normal SNe Ic, most
authors assume & =0.1cm? g~'. In the case of SLSNe, ion-
ization may be more complete, especially before and around
maximum when the temperature is higher than in normal SNe
Ic; full ionization gives x = 0.2cm? g~!. In the present work
we will assume this latter value. For fixed kinetic energy,
the value of M,; derived from fitting the light curve scales as
M. #72/3. Therefore our ejecta mass estimates can easily
be compared with literature models that use x = 0.1 cm? g~!
simply by multiplying them by a factor of 1.6.

6.2. Magnetar models

We first consider models in which the luminosity is pow-
ered by magnetar spin-down. This is a specific example of
the more general class of ‘central engine’ models, which also
include accretion-powered SNe (Dexter & Kasen 2013). The
magnetar model assumes that the core-collapse of the SLSN
progenitor leaves behind a highly magnetised neutron star
(B ~ 10'* G) rotating with a period P ~ 1—10 ms. The nascent
pulsar thus has a large reservoir of rotational energy, which
is tapped via the B-field and heats the ejecta at the rate pre-
scribed by the standard magnetic dipole formula (Ostriker &
Gunn 1971; Kasen & Bildsten 2010; Woosley 2010). The
magnetar emission is expected to be in the form of energetic
electron-positron pairs, which generate a hard input spectrum
through a pair-cascade (Metzger et al. 2014). We treat y-ray
leakage from the ejecta following Wang et al. (2015) (see also
Chen et al. 2015).

As discussed in sections 3 and 5, because the early light
curve is not well sampled, we do not know for sure whether
SN 2015bn rises monotonically from discovery to maximum
light, or if the first detection is during the initial bump phase
that seems to be common in SLSNe I (Nicholl & Smartt
2016). The colour evolution suggested that the bump inter-
pretation is more likely (see section 3). The basic form of
the magnetar model employed here does not accommodate
a non-monotonic rise (though Kasen et al. 2015 have shown
that including delayed shock breakout driven by the magne-
tar can give a good fit to the double-peaked light curve of
LSQ14bdq). Nicholl et al. (2015b) showed that, for both
magnetar models and observed SLSNe, the rise and decline
timescales obey a fairly tight correlation. Thus the nature of
the first detection, driving the fit at early times, will have a
strong influence on the fit at peak, and therefore any derived
parameters. For this reason, we calculated the best-fitting
model under two different constraints: including the first point
as part of a smooth rise; and introducing a synthetic point
around where we would expect the monotonic rise to begin if
the first detection is in the bump phase — we do this by scaling
the light curve of LSQ14bdq as in Figure 2.

The model fits are shown in Figure 19, with the fit parame-
ters listed in Table 1. In general, the fits are seen to be reason-
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Table 1. Magnetar fit parameters for Figure 19.

Rise time/d M/Mp® Pims B/10“G  x%4
69" 8.4 2.1 0.9 0.31
85 15.1 1.7 1.0 0.48

@ Assuming x =0.2cm’ g”!
b Estimated from scaled light curve of LSQ14bdq
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Figure 19. Magnetar-powered model fits to SN 2015bn. We calculate
two models under different assumptions about the first point: includ-
ing it as part of a smooth rise; and treating it as a bump similar to
LSQ14bdq (Nicholl et al. 2015a). Top: Modelling the bolometric
luminosity. Middle: Comparisons of model temperatures with the
blackbody fits. Bottom: Comparisons of model velocities with those
measured from the O 1 A7774 line. The magnetar model gives a good
overall fit to the properties of SN 2015bn, particularly if the first de-
tection is during the bump phase. Parameters of all models are listed
in Table 1.

able; however these simple models are not able to replicate the
detailed structure in terms of the knee and shoulder. The value
of the derived mass is driven by two competing factors. The
relatively narrow shape around the main light curve peak can
be more easily fit with a lower-mass model, while the overall
broader shape and long rise favours higher mass. If we as-
sume a smooth rise, the best-fit ejecta mass is 15Mg. The
slow tail phase is well-matched due to a long spin-down time,
given by the relatively weak B-field (Kasen & Bildsten 2010;
Nicholl et al. 2013). This model gives a fairly good match to
the velocity evolution, especially the slow velocity decline at

late times. On the other hand, the broad luminosity peak in
this case is a rather poor fit to the data.

If we instead assume that the first point is part of the bump
phase, we get a more convincing fit between —50 d and maxi-
mum, with a lower ejecta mass of M ~ 8.4 M. The model
still peaks a little earlier than the data, which is interesting in
light of the comparison to PTF12dam in the lower panel of
Figure 18. This model also gives an excellent match to the
photospheric velocity. While the temperature in this model
fits the data well from —30d to +50d, it is too low by up to a
factor of ~ 2 by 250 d. However, the fact that the better over-
all fit to the light curve, temperature and velocity is the one
for which we assume an initial bump phase is consistent with
the analysis in section 3.3.

However, inspection of Table 2 shows that this model has a
total rise time of 69 d, seemingly in contradiction to the pre-
sumed bump detection at =79 d. The widths of the bumps may
be 10-15 days (Nicholl et al. 2015a; Nicholl & Smartt 2016),
which could then imply a discrepancy between the explosion
time and the magnetar fit of up to 20-25d. There are two
possibilities. The first is that this is a real inconsistency, and
the magnetar fit must be fixed with an explosion time at the
first detection at the latest (i.e. our ‘slow rising’ model). The
second is that thermalisation of the magnetar wind energy in
the ejecta is not 100% efficient from the time of explosion.
Our model does naively assume that the magnetar energy in-
put is 100% efficient but this is by no means certain. The
detailed physical processes by which the energy is emitted
and thermalised are not yet well understood (Metzger et al.
2015; Kasen et al. 2015). Therefore there could be a delay
between core-collapse and the onset of efficient energy trans-
fer between the magnetar and the expanding ejecta. Given
these uncertainties, we conclude that a magnetar spin-down
model with relatively high ejecta mass and low B-field is a
good candidate to explain the properties of SN 2015bn.

6.3. Interaction models

Next we investigate models powered by a collision between
the fast SN ejecta and dense CSM. In this context, the ob-
served luminosity comes from reprocessing and thermalisa-
tion of the kinetic energy by a forward shock wave propagat-
ing in the CSM and a reverse shock in the ejecta. For the en-
ergy conversion to be efficient, in general the mass contained
in the CSM must be an appreciable fraction of that ejected by
the explosion —i.e. at least a few solar masses (Chatzopoulos
et al. 2013; Nicholl et al. 2014; Inserra et al. 2015). The pro-
genitors of interacting SLSNe would thus require exception-
ally high mass-loss rates, perhaps as much as 0.1-1 M, yr~!
(e.g. Benetti et al. 2014). This is difficult to achieve via
stellar winds, and could instead point towards large discrete
mass ejections, such as the eruptions of luminous blue vari-
ables (Justham et al. 2014) or hypothetical pulsational-PISNe
(Woosley et al. 2007). Thus the expected CSM density pro-
file around the star is quite uncertain. Following Chatzopou-
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Table 2. Interaction fit parameters for Figure 20.

Rise time/d Profile M /Mp® Mcsm/Me® MailMg  Ex/ 10° 1erg Rin/10%cm® log(polg cm’S)C X?ed
67 shell” 49.0 18.5 - 1.9 3.0 -10.94 0.51
87 shell 21.9 19.2 - 1.8 3.0 -12.00 0.35
82 shell 13.8 13.0 3.7 1.3 3.0 -12.34 0.15
61 wind® 30.1 15.1 - 4.3 0.3 -10.49 0.37
85 wind 333 18.0 - 4.5 0.3 -10.61 0.40
59 wind 29.4 16.1 2.3 4.4 3.1 -12.19 0.17

“Assuming x =0.2 cm’® g’l; bInteraction radius = inner radius of CSM density profile; “po = pesm(r = Rint); d pesm(r) = po; ¢ pesm(r) = por’z.

los et al. (2012), we calculate models with two representa-
tive density profiles: pcsm o< 72, as expected for a wind; and
pcsm =constant, which may be more appropriate for a CSM
‘shell’ from a discrete mass ejection. Because the interaction
model has significantly more free parameters than the mag-
netar models, there is no tight relationship between the rise
and decline rates (Nicholl et al. 2015b). Therefore it is not
so important in this case how we treat the first detection of
SN 2015bn at =79 d; typically, increasing the ejecta or CSM
mass can extend the rise time sufficiently to include this point
as desired, without significantly altering the shape during the
decline phase. For each density profile, we calculate a slow-
and fast-rising model to demonstrate this (see fit parameters
in Table 2).

The fits are shown in Figure 20. In the top panel we
plot models with uniform shells of CSM. We fit for M,;,
Mcswm, peswm, the radius of the ejecta-CSM interface and ki-
netic energy (Ex). We note that the radius, Rj,, is only
weakly constrained by the light curve fitting routine, but can
be checked against the observed temperature evolution” (bot-
tom panel). The best-fit slow-and fast rising shell models
both have Mcsy ~ 19 M, and Ey =~ 2 x 10°! erg. The ratio
M.j/Mcswm is of order unity for the model with the slow rise,
while the faster rising model has Mj/Mcsv = 2.6. These are
fairly similar to the ratios found by Nicholl et al. (2014) for
a number of other SLSNe I. However, these curves are un-
able to reproduce the transition to the shallower decline rate
after 60 d. By maximum light, the forward and reverse shocks
have finished traversing the CSM and ejecta, respectively, and
therefore no further energy can be deposited. The light curves
therefore decline exponentially from peak as the stored energy
diffuses out.

The middle panel shows models using the wind density
profile. In general, the wind scenario favours similar or
slightly lower M.; and Mcsy compared to the shell models,
with M~ 30 Mg giving a good fit along with Mcsm = 15-
18 M, to cover the range of possible rise times. The kinetic
energy in the wind model is 4 x 10°! erg. The wind models
are more sensitive to the interaction radius, Rj,, compared to
the shell models. For the inferred radii of ~ 3 x 10 cm, a
wind speed of 10kms~' would imply that the mass loss oc-

9 The CSM model is assumed to radiate as a blackbody at fixed radius
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Figure 20. Interaction-powered model fits to SN 2015bn. The rise
time can be varied by increasing the mass of CSM or ejecta. Top:
Modelling the bolometric luminosity assuming a constant-density
shell profile for the CSM. Middle: Same as top, but assuming an
inverse square wind profile. Bottom: Comparisons of model temper-
atures with the blackbody fits. We find that wind models give much
better fits to the temperature, and that adding ~ 5 Mg, of *°Ni gives
a good match to the tail phase. Parameters of all models are listed in
Table 2.

curred over a period of 10-200 d before explosion. However,
these models suffer from the same problem at late times as do
the shell models, in that they decline too quickly. Compar-
ing the temperature evolution of each model (bottom panel),
we find that both the wind and shell models give a reasonable
match to observations, with the slow rising models predict-
ing cooler temperatures that are closer to the data. While the
quality of the light curve fits do not allow us to distinguish be-
tween wind and shell models, there exists significantly more
literature describing the interaction of SN ejecta with a wind
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Table 3. Two-component interaction fit parameters for Figure 2 1.

Profile Mj/Mp® Mcsm/Mp® MniMe Ek/1051erg Rin/10%cm® log(po/gcm’3)” xfcd

1 wind® 25.0 15.0 -
2 wind 40.0/ 15.0 -

4.0 140 -12.3 1.13
2.0 350 —-14.1 0.26

“Assuming & = 0.2cm? g”'; *Interaction radius = inner radius of CSM density profile; “po = pesm(r = Rint); ¢ pesm(r) = po; € pesm(r) = por>;

"Mejr = Mej1 +Mcsw1; *Exa = Ext — Enad.1.

density profile. Therefore the remaining analysis will focus
more on the wind model. This will also be useful when we
come to model the radio light curve in section 7.

No explicit velocity comparison is possible, since the sim-
ple interaction model assumes a stationary CSM. However,
as is often the case when modelling SLSNe, the exclusively
high-velocity lines seen in the spectrum may be difficult to
reconcile with having 2 10My of slower-moving material
around the star. In an attempt to address this issue more quan-
titatively, we can use some of the analytic equations given by
Chevalier & Irwin (2011) in conjunction with our fits. Those
authors parameterised the wind as a function of radius as
pw =M /(@A) r 2 =5.0 x 10'°D, 72, where p,, is the density
of the wind, M is the mass-loss rate, v,, is the wind velocity,

and

p -1

M Wi

D, = Pwid ) )
102Mg yr!' \ 10kms™"

We found that the peak luminosity is quite sensitive to D,;
the value for the wind models in Figure 20 is D, = 19.4 (or
equivalently, M /vio = 0.2Mg yr~!, where v is the wind ve-
locity in units of 10kms™"). In the Chevalier & Irwin (2011)
framework, this can be used to calculate an effective diffusion
radius:

Ry=4.0 x 10" kg5, EQS MJfG DY, )

where the subscripts refer to normalisation of the parameters
to 0.34cm? g7!, 10°! erg and 10 M, as used by those authors.
Our light curve models give estimates for all of these parame-
ters (Table 2), leading to R; =7.3 X 10" cm, which is reassur-
ingly close to the radii determined from blackbody fits (Figure
17).

Chevalier & Irwin (2011) found that the SN behaviour de-
pended on whether the terminal radius of the wind, R,,, was
larger or smaller than R;. They predicted that for R, > Ry, a
dense shell forms deep in the wind, leading to low velocities,
and continued late-time interaction that gives a flattening in
the light curve. On the other hand, if R,, < Ry, the outermost
layers are accelerated by radiation pressure, and there is little
power input after maximum light. The authors suggest that
SLSNe I are examples of the latter situation, whereas SLSNe
IIn correspond to the former. For SN 2015bn, our models give
R,, = 5.6-6.4 x10'> cm, depending on the CSM mass. Thus
we are in the regime R,, < Ry, possibly resolving the lack of
narrow lines in the spectrum. In this case we do not expect
to see a flattening of the light curve, which is indeed borne
out by our model fits (though not by the data). Therefore an-
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Figure 21. Example of a model with two detached shells of CSM to
power the peak and tail phases of the light curve. The parameterised
mass-loss rate for the region shell is M /vip = 0.2 Mg yr~', while the

outer region has M /vio = 0.05Mg yr™'. See Table 3 for a full de-
scription of the model parameters.

other energy source must power the tail. R,, < R; was also
found to be the case for SN 2010gx (Chevalier & Irwin 2011);
however Chomiuk et al. (2011) applied the same analysis to
PS1-10ky and PS1-10awh and found R, 2 R,;. Within this
approximate framework, the more robust constraint seems to
be that R,, =~ R, which is required for efficient production of
radiation (Chomiuk et al. 2011). Finally, the Chevalier & Ir-
win (2011) model allows us to calculate a shock velocity of
~ 7000 km s~ assuming an 80d rise time based on the ob-
served data.

In order to recover the slow decline observed after +50d,
we re-ran the fits with My; as an additional free parame-
ter, and found that adding 2-4 My of 56Ni to each model
could reproduce the late-time behaviour. This is shown in
Figure 20. For the wind model, a lower pcsm then gave a
match the light curve shape around peak, with a correspond-
ing increase in the interaction radius to keep the peak bright-
ness constant (this is equivalent to keeping the pre-explosion
mass-loss rate and velocity constant). The interaction mod-
els with ®Ni-decay give good fits to the light curve, although
the values of My; are extremely large — normal core-collapse
SNe have My;~ 0.1 Mg, and even LGRB-SNe synthesize
Mni £0.5Mg (e.g. see the recent review by Cano et al. 2016).

The alternative scenario sees the shallower tail phase of the
light curve powered by further interaction with mass-loss at
a larger radius. This is appealing, since we do not need to
invoke both a large CSM mass and a large *°Ni mass. We
construct such a model by first fitting an interaction model to
the data at + < 60d, and then subtracting this from the whole
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light curve. We then fit the residuals at + > 60d as an in-
teraction with additional CSM. Most of the model parame-
ters for this second interaction are fixed by the fit parame-
ters of the first interaction. In the following discussion, we
use the subscripts 1 and 2 to refer to the fits around peak
and to the late-time residuals, respectively. The fixed pa-
rameters are Mej> = Mej 1 +Mcsm,1; Ex 2 = Ex 1 —Erag,1 (Where
E..q is the total energy lost through radiation, ~ 2 x 103! erg);
Rint,2 = RCSM,I + (10Ek‘2)/(3Mej12)Al (where Rcsm is the
outer radius of the CSM, and At is the time between shock
breakout from the inner CSM and the second interaction —
this is approximately equal to the time from maximum light
until the beginning of the tail phase, i.e. =~ 60d). Therefore
the only free parameters are Mcsm 2 and pg». For a given den-
sity, the CSM mass only affects the duration of the second
interaction but not the luminosity, thus this parameter is only
weakly constrained by the data. However, we find that we
require Mcsmo 2 10 M.

The best-fitting model is shown in Figure 21. While the
late-time fit is not as good as the ®Ni-powered model in Fig-
ure 20, we caution that we are now pushing the simplified
analytic CSM model to its limits, and this fit is intended only
to give an order-of-magnitude estimate for the mass-loss rate
required to give the shallower tail phase. In this case we find
M/vip = 0.05Mg yr~!. (see Table 3 for a full description of
the model parameters). As this model is only approximate,
it is possible that a continuous CSM could also fit the data,
for example a dense inner shell, attached to an outer wind
component. Regardless, the luminosity at late times seems
to require a mass-loss rate M /vio > 0.01 M, yr~'. However,
this model raises questions about the spectroscopic evolution.
While it is conceivable that the single-shell model could avoid
showing narrow lines in certain circumstances, it seems likely
that the outer CSM, which remains unshocked around light
curve maximum, would imprint low-velocity features on the
observed spectrum. This is essentially the same conclusion
reached by Chevalier & Irwin (2011), as discussed above.
One possible way to avoid seeing narrow lines at early times
could be if this outer CSM were a face-on disk or torus.

6.4. Radioactive decay models

In section 5, it was observed that the late-time decline rates
of SN 2015bn and a number of other SLSNe I look very sim-
ilar to the radioactive decay of *°Co, the daughter nucleus of
SNi. We also saw above that introducing a few solar masses
of Ni to the interaction models gave a good fit to the tail
luminosity. However, powering this phase by °Co alone
would imply that ~ 15 M, of °Ni were synthesised in the
explosion, using the scaling relations of Hamuy (2003). This
would require the pair-instability explosion of a stellar core of
over 110 M, according to the models of Kasen et al. (2011).
Such a scenario was ruled out for PTF12dam by Nicholl et al.
(2013), based on the rise time and blue spectra. In addition
to the spectroscopic and photometric similarity between these
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Figure 22. Ni-decay-powered models for SN 2015bn. Top: Mod-
elling the bolometric luminosity. We fit a diffusion model with
M.j=26.8Mp, Mni=25.8Mp, Ex=3 X 10 erg. Also shown are
hydrogen-free PISN simulations from Kasen et al. (2011) Middle:
Comparisons of model temperatures with the blackbody fits. Bot-
tom: Comparisons of model velocities with those measured from the
O1)\7774 line.

two events, the undulations in the light curve of SN 2015bn
seem to be incompatible with a PISN, as such a huge ejected
mass would be expected to wash out any undulating struc-
ture in the light curve due to the very long diffusion time
(e.g. Fraser et al. 2013). Thus it is difficult to conceive of a
plausible model in which the tail phase of SN 2015bn is pre-
dominantly powered by 3®Co-decay. However, the conspiracy
among an increasing number of SLSNe I to match this decline
rate is certainly intriguing, and we therefore examine radioac-
tively powered models in some detail here.

We fitted the light curve of SN 2015bn with a >*Ni-powered
model, finding that reasonable fits were only possible with
My; ~ M.;. The best-fit model shown in Figure 22 has M, ~
27.0Mg, My =~ 26 M. Note that only one fit is shown, as
the best-fitting models including/excluding the first data point
are almost identical. In order to decrease the diffusion time
to fit the initial decline from peak, a large explosion energy
of Ex=3 x 10 erg was required. This in turn reduced the
~-ray trapping efficiency at late times, leading to a final de-
cline rate that is faster than *°Co-decay. The model is uncon-
vincing both in terms of the unrealistic *Ni-fraction in the
ejecta and a poor overall fit to the light curve. Moreover, this
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Figure 23. Comparison of selected spectra with PISN models from
Kasen et al. (2011, top, middle) and Jerkstrand et al. (2016, bottom).
The Jerkstrand et al. (2016) model was calculated at 400d after ex-
plosion; we scale the luminosity between 6000-7000 A to match the
observed flux in our spectrum of SN 2015bn at 325d. The PISN
suffers from extreme iron line-blanketing at blue wavelengths, and
overall shows much redder colours than SN 2015bn. However, the
nebular model (bottom) gives a good match at A 2 6000 A.

model predicts a low photospheric temperature, and a very
high velocity. The high velocity is due to the large value of
Ex. In general, this fit is inferior to the magnetar and interac-
tion models.

We also compare to hydrodynamic simulations of PISNe
calculated by Kasen et al. (2011). The peak luminosity is
well-matched by the explosion of a 130 Mg, stripped-envelope
PISN, synthesising 40 M, of *°Ni. It also matches the decline
rate at times = 50-100d, but the faster decline observed in
the data from 0-50d is difficult to reconcile with this model.
The rise time of this model is also too long relative to the
data, even including the earliest point. The absolute luminos-
ity of SN 2015bn at this phase is in better agreement with the
120 M, model, which has 24 M, of 3®Ni, similar to our own
diffusion fit (the decay energy in PISN models remains fully
trapped at late times due to the large ejected mass). However,
this lower-mass model severely underestimates the peak lumi-
nosity and does not reproduce the behaviour for times earlier
than +50 d. One possibility that could perhaps match the light
curve shape would be to add strong CSM interaction around
peak to the 120 M, PISN model. However, this would require
invoking an extreme CSM mass as well as the extreme ejecta
and *°Ni masses, and a detailed investigation of such a model
is beyond the scope of this paper. The temperature in the more
massive (hotter) 130 M, model is cooler than SN 2015bn by
about 3000 K at all times. The velocity in this model gives a
fairly good match until about +50 d, but the rapid decline as
the photosphere recedes looks quite different from the slow
decline exhibited by SN 2015bn.

In Figure 23, we compare the +243d spectrum of SN
2015bn to the model spectrum of a 130 M hydrogen-poor

PISN, at a similar phase, from Jerkstrand et al. (2016). This
model differs from the nebular PISN model shown by Gal-
Yam et al. (2009), because the Jerkstrand et al. model is com-
puted using realistic ejecta models from Heger & Woosley
(2002), whereas the Gal-Yam et al. models used tuned pa-
rameters to fit the spectrum of SN 2007bi, resulting in rel-
ative abundances that did not match PISN explosion models
(Nicholl et al. 2013). The new models also include line block-
ing, which is extensive in these high-density ejecta and damps
UV/blue emission. The model shown gives a good match to
SN 2015bn between ~ 6000-8000 A (oxygen and calcium).
We note that strong oxygen and calcium lines in the nebu-
lar phase are not unique to PISNe, but are generically seen
in core-collapse SNe (e.g. Filippenko 1997). The matches
to the line widths and overall ratios are good. This match
at red wavelengths is much better than was seen in similar
comparisons between the PISN models and SN 2007bi and
PTF12dam (Jerkstrand et al. 2016). However, there is a huge
discrepancy between the model and data below &~ 5500 A. In
the PISN model, line-blanketing by the large iron mass sup-
presses the flux in the blue, whereas the late spectrum of SN
2015bn retains a pronounced blue continuum that is brighter
than the model by an order of magnitude. This discrep-
ancy has previously been pointed out for other slow-declining
SLSNe by Dessart et al. (2012); Nicholl et al. (2013); Jerk-
strand et al. (2016). We note that line formation at bluer wave-
lengths may be more complex compared to in the red, but it is
unclear what model deficiencies could account for the scale of
this difference between model and data. Despite the similar-
ity in the light curve slope and spectrum above 6000 A, there
remain many important differences between the observational
data and models powered exclusively by °Ni.

6.5. The nature of the undulations

Having discussed the possible power sources for the bulk of
the light curve, we now turn to interpretations of the shoulder
and knee. In both cases, the temperature evolution suggests
that an additional heat source is active over these times, as all
of the power sources we have considered (*°Ni-decay, mag-
netar, or shock heating from interaction) predict a monotonic
decline from maximum. The discussion in this section will
focus on the two models that gave the more convincing fits in
the previous section (magnetar spin-down and CSM interac-
tion), beginning with interaction.

Similar light curve undulations to those observed in SN
2015bn were also seen in the light curve of SN 2009ip, which
is thought to be either a Type IIn SN or a SN imposter (Pas-
torello et al. 2013). Either way, the luminosity at maximum
light was powered by interaction with pre-expelled material
(e.g. Mauerhan et al. 2013; Fraser et al. 2013; Smith et al.
2013; Margutti et al. 2014a; Graham et al. 2014). However,
Fraser et al. (2013) note that an interaction between more
than a few solar masses of ejecta and CSM (which would cer-
tainly be required to match the high luminosity in SN 2015bn)
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would struggle to match the undulations, as these would tend
to be washed out by the long diffusion time. Therefore the
most probable way to explain these using CSM interaction
is to introduce multiple collisions with additional shells or
clumps of material.

All of the aforementioned studies of SN 2009ip found that
at least some of the features in the light curve could be ex-
plained by successive collisions with mass expelled in previ-
ous observed outbursts of the progenitor. If we believe that the
historical CSS detection of SN 2015bn at ~ 185 d before ex-
plosion was an outburst of the progenitor, and that interaction
with this material powers the knee or shoulder, the blackbody
radii at these epochs (Figure 17) would imply that the pre-
expelled material had a velocity of ~ 3000 kms™'. This would
be compatible with pulsational pair-instability mass ejections
(Woosley et al. 2007).

However, the blackbody radius in SN 2015bn immediately
begins to decrease at the onset of the knee phase. This may
be difficult to explain in an interaction model, as the colli-
sion with a massive shell should initially be optically thick
(e.g. Moriya & Maeda 2012). In SNe powered by interac-
tion, the radius of the emitting surface generally shows an
increase as the shock propagates through the CSM (e.g. Fas-
sia et al. 2000; Margutti et al. 2014a). This may not be too
problematic, as only a relatively small amount of CSM is
needed to power the undulations. For example taking the
knee feature, we find that SN 2015bn is over-luminous by
2 x 10 ergs™! for 15d, compared to a smooth decline. As-
suming a velocity v = 7000kms~! from the spectrum at this
phase, we can use the common scaling relation (Quimby
et al. 2007; Smith & McCray 2007) L =~ %MCSMvz/trise, giving
Mcsm knee ~ 0.05 M. Such a low CSM mass is probably not
compatible with pulsational-PISN shells; the final pulses be-
fore explosion in all of the Woosley et al. (2007) models eject
at least 2 1 Mg. The low mass, relative to the ejecta/CSM
masses in any of our model fits, might help to explain why
we see little change in the continuum (with the temperature
approximately constant at this phase), but this modest CSM
mass may be expected to result in narrow emission lines, as
the optical depth will be low compared to the case of mas-
sive CSM. However, as for other SLSNe I, no narrow lines
are observed in the spectrum of SN 2015bn.

Next we consider the magnetar model. Before investi-
gating any magnetar-specific means of producing the undu-
lations in the light curve, it should be pointed out that the
low-mass CSM interaction described above could equally ap-
ply to a light curve that was primarily powered by magnetar
spin-down. Nevertheless, the magnetar scenario does have
other means of producing fluctuations in the light curve. One
such mechanism is the magnetar-powered shock breakout de-
scribed by Kasen et al. (2015). In this model, the central
overpressure from the magnetar wind drives a second shock
through pre-exploded ejecta, which breaks out at large radius
and hence can give a bright optical display. However, their

equation 26 shows that this breakout should happen within
20d of explosion for any sensible combination of ejecta mass,
explosion energy and magnetar parameters. Moreover, the
breakout would not be noticeable in the light curve if it oc-
curred near maximum brightness. Therefore this model is
only applicable to early-time bumps, and not to the shoulder
or knee in SN 2015bn.

Metzger et al. (2014) found that for a magnetar-powered
SN, the hard radiation field should drive ionization fronts out-
wards from the base of the ejecta. Being the most abun-
dant element in Type Ic SN ejecta, oxygen was considered
to be the dominant source of electrons at early times. Their
model predicted that when the O1I layer reached the ejecta
surface, the opacity to UV photons would decrease, leading
to a UV-breakout. This occurred on a timescale of tens of
days after explosion, and this timescale increases with ejecta
mass. Comparing with the properties of SN 2015bn during
the shoulder phase, this model seems to consistently explain
its timing, the fact that it is only apparent in the blue and UV
bands, and the presence of O1II lines in the spectrum at this
time. The fast decline in the colour temperature during this
phase also indicates that it could be a form of breakout event.

A key prediction of this model is that the UV breakout
should be followed by X-ray breakout tens to hundreds of
days later. This occurs when the O IV ionization front reaches
the surface. For the model computed by Metzger et al. with a
2 ms spin period (needed to power the peak optical luminos-
ity of SN 2015bn), X-ray breakout occurred 240d after ex-
plosion. However, that model assumed an ejecta mass of only
3M, a factor of 3-5 lower than the masses inferred from
our fits to SN 2015bn (Table 1). The breakout timescale is
a strong function of ejecta mass, and thus X-ray breakout is
not expected to occur over the timescale of our observations.
However, we are carrying out an X-ray monitoring campaign
for SN 2015bn to look for signatures of ionization breakout;
the results will be published in a future study by R. Margutti
et al.

During the knee plateau from +30-50 d, the photospheric ra-
dius starts to decrease, and equivalent widths of spectral lines
from heavier species such as iron and silicon increase. This
seems to indicate that the photosphere is beginning to undergo
significant recession into the ejecta. The velocity evolution
slows at around this time, suggesting that the velocity pro-
file is relatively flat within a certain radius. Kasen & Bildsten
(2010) predicted that the magnetar wind would sweep up most
of the ejecta into a dense shell with uniform velocity. More-
over, they show that the temperature jumps sharply at the edge
of this shell. The knee, and the associated increase in temper-
ature and flattening in velocity, could therefore be explained
by the photosphere crossing into this hotter region as it re-
cedes. If SLSNe I are generally powered by magnetars, one
may wonder why this distinctive behaviour is not seen more
often. The answer could be that, in lower mass events, the
magnetar wind sweeps up essentially all of the ejecta, such
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that there is no discontinuity. Alternatively, it could simply be
that most SLSN light curves do not have sufficient temporal
sampling for us to catch variations on this timescale.

Another possibility to be considered is that one or both of
the undulations are powered by recombination, similar to the
plateaus in Type IIP SNe. However, the high temperature
and the spectra clearly rule out hydrogen recombination. One
plausible candidate that could be consistent with the shoul-
der is oxygen recombination. Oxygen in SNe is expected
to be mostly singly-ionized at temperatures between 12000-
15000 K, and neutral below this (Hatano et al. 1999; Quimby
et al. 2013). SN 2015bn is seen to drop below ~ 12000K at
precisely this phase. The early spectroscopic evolution may
also support this: the OT1I lines in SN 2015bn are weak at
~20d pre-peak compared with those in PTF12dam and other
SLSNe at similar phases (see Figures 13 and 14). Instead, the
early spectrum closely matches PTF12dam at around maxi-
mum light, when these lines are close to disappearing. This
could suggest that O1I is being depleted by recombination.
The photospheric recession during the knee phase may also
point towards recombination. However, it is unclear in this
scenario why the features would be most pronounced in the
UV bands, or which ion could recombine to power the knee

Undulations or plateaus in the light curve evolution could
also in principle result from an abrupt change in the contin-
uum optical/UV opacity, as might arise due to the sudden
emergence of an ionization front through the ejecta (Metzger
et al. 2014). If the ejecta remain largely neutral at early times,
the optical opacity will be due primarily to bound-bound tran-
sitions and could be relatively modest (x < 0.05 cm? g, de-
pending on the composition). However, once the ejecta be-
come ionized and the number of free electrons increases, the
resulting electron scattering opacity would come to dominate,
increasing « by a factor of several. This sudden rise in opacity
could slightly delay the escape of radiation from the magne-
tar nebula or CSM interaction shocks, producing a plateau or
Iull in the light curve decline. Exploring this scenario further
would require a detailed radiative transfer calculation, which
is beyond the scope of this paper.

To see the undulations more clearly, and to look for any
hints of periodicity, we removed the gross structure of the
light curve to examine the residuals. We did this by fitting
and then subtracting low-order polynomials (we tried first-,
second- and third-order). We also experimented with subtract-
ing one of the magnetar-powered fits (solid line in Figure 19).
Figure 24 shows the bolometric light curve after subtraction
of the various fits. The detrended data are seen to exhibit vari-
ation on a timescale of ~ 30-50d. A dominant timescale of
< 50d would be inconsistent with a very massive model, such
as a PISN. However, it is fully consistent with the diffusion
timescale in an ejecta of ~ 7-15Mg (Arnett 1982; Nicholl
et al. 2015b), which is similar to what we infer from our mag-
netar fits. Thus the undulations seem to be compatible with
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Figure 24. The bolometric light curve of SN 2015bn from —30 to
+120 days, after subtracting polynomial fits (coloured lines) and
a magnetar fit (black line). The residuals (undulations) occur on
timescales of 30-50d.

variations in the velocity/density structure in ejecta similar to
that in our magnetar models.

If the undulations are really periodic, this could indicate
that they are caused by interaction with a spiral density per-
turbation, perhaps caused by binary interaction (Fraser et al.
2013). Evidence of close binary interaction would certainly
be an intriguing part of the picture for understanding SLSN
progenitors. Unfortunately, the data do not span a sufficiently
long time interval (At =~ 150 d) to reliably pick out periodic-
ity on a timescale on this order (#) =~ 50d~ At/3). For ex-
ample, Martin et al. (2014) applied a periodogram analysis to
SN 2009ip, but ignored peaks in the power spectrum with pe-
riods 2 Ar/3. Although the undulations in the light curve of
SN 2015bn are an important clue to the nature of this explo-
sion, sampling over much longer timescales will be needed
to robustly test for periodicity or the presence of a dominant
timescale.

7. RADIO NON-DETECTIONS

We observed SN 2015bn with the Karl G. Jansky Very
Large Array (VLA; Perley et al. 2011) on 2015 Dec 11
(Alexander et al. 2016). This date is 238d after optical
maximum, and approximately 320-335d after explosion if
we assume a similar light curve morphology to LSQ14bdq.
This epoch is useful for discriminating between a number of
competing models, especially as interaction models are ex-
pected to be optically thick around 5-20 GHz before optical
maximum owing to synchrotron self-absorption (Chevalier
1998), and particularly free-free absorption if the surround-
ing medium is very dense (Chevalier 1982).

Observations were carried out while the VLA was in its
most compact configuration (D configuration, where all an-
tennae are within ~ 0.6 km of the array centre), and obtained
in two frequency bands: C-band (mean frequency of 5.5 GHz)
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and K-band (22 GHz). Each band has a total bandwidth of
2 GHz (split up into two sub-bands), and we observed for
30min on-source in each. No source was detected at the
position of SN 2015bn in either band. The C band obser-
vation was degraded at low frequencies by a bright radio
source ~ 6’ from the SN coordinates, so we concentrate on
the high-frequency sub-band (mean frequency 7.4 GHz). The
K band data were unaffected by this contaminating source.
After self-calibration, we derived the following 3o upper lim-
its on the radio emission from SN 2015bn: F;4gn, < 75 uly;
Frgu, < 40 uly.

7.1. Comparison to gamma-ray bursts

We first tested whether these limits can constrain the pres-
ence of an off-axis y-ray burst associated with SN 2015bn.
Lunnan et al. (2014) found that SLSNe I and LGRBs tend to
occur in similar environments, though recently Angus et al.
(2016) have proposed that the only similarity is low metal-
licity. In any case, both types of explosions display similar
spectra lacking in hydrogen and helium (e.g. Pastorello et al.
2010), and both may be powered by central engines. Recently,
Greiner et al. (2015) presented a luminous (M = —20) SN as-
sociated with an ultra-long GRB, but it was not clear from the
relatively featureless spectrum whether this was a ‘classical’
SLSN I. The presence of a radio afterglow from a confirmed
SLSN would firmly establish the SLSN-GRB connection; al-
ternatively, a lack of radio emission could instead indicate that
either no stable jet forms, or it does not break out of the mas-
sive progenitor, and thus does not accelerate the outer ejecta
to relativistic velocity.

We compare models for LGRB-SNe at a variety of view-
ing angles in Figure 25. The simulations are described by
Van Eerten et al. (2010), and assume typical LGRB parame-
ters: total kinetic energy in the two jets of Ey jeis =2 x 10°! erg;
a homogeneous particle density of 7 =1 cm™ in the surround-
ing medium; equal fractions of the total energy density in
magnetic fields and relativistic electrons (e = €, = 0.1); jet
half-opening angle 0;; = 0.2 rad; isotropic-equivalent energy
Ei, = 107 erg; and a power-law slope of p = 2.5 for the ac-
celerated electron distribution. For explosions viewed further
from the jet axis, the radio emission is weaker, and peaks later.
The models are calculated at a frequency of 8.5 GHz, which
gives a good match to the observer-frame 7.4 GHz limit for
SN 2015bn.

Our deep radio limit for SN 2015bn rules out even the most
off-axis model, making SN 2015bn the first SLSN for which
we can robustly exclude a luminous LGRB. However, we also
compare to a sample of observed ‘low-luminosity’ (/) GRBs,
for which the emission does not seem to be strongly colli-
mated as in LGRBs. //-GRBs may form a separate population
from high-luminosity LGRBs, and dominate the volumetric
GRB rate locally (Guetta & Della Valle 2007; Liang et al.
2007). As demonstrated by the figure, we cannot rule out
a [I-GRB associated with SN 2015bn, and can only exclude

32 .
Off-axis GRB
§=225°

31l 030329
- =45°
I
T 30[
T
"
S lo31203 =
() o
29l B poog nmnm‘:‘nn ]
é o o Qo o o
3 "%Q&%
o [980425
c‘; oo OO
228l a 100316Do e SN 2015bn

0o ¥ Sonl &
N 0
060218 o Rl
27+t ° °
Low-luminosity GRBs ‘ ‘
10° 10" 102 10°

Rest-frame days since explosion

Figure 25. Radio non-detection of SN 2015bn compared to the pre-
dictions of off-axis LGRB models with Ejjes = 2 x 10°' erg and a

particle density of 1cm™. The limit on the radio emission from SN
2015bn robustly rules out a healthy jet. A low-luminosity GRB can-
not be excluded. Comparison sample: Margutti et al. (2013), and
references therein.

the luminous and highly-collimated jets of a ‘healthy’ LGRB.
Similarly deep radio observations of the next nearby SLSN I
before or around optical maximum should be able to constrain
the presence of a /[-GRB.

7.2. Comparison to models for the optical luminosity

Radio observations can also be useful in breaking the de-
generacies between the competing models for the optical light
curve. While the magnetar and interaction models give sim-
ilarly good fits to the optical data, their predicted radio sig-
natures are very different. In general, radio synchrotron emis-
sion is generated by electrons accelerated to relativistic veloc-
ities at the forward shock (Chevalier 1982; Weiler et al. 2002;
Chevalier & Fransson 2006).

If SLSNe I are otherwise fairly normal Type Ic SNe that
are reheated by a magnetar engine, we expect the radio prop-
erties to resemble those of typical Type Ic SNe. For those
objects, the CSM density is relatively low, with radio light
curves implying mass-loss rates of around 1077-107 Mg, yr ™!
(if the wind velocity is 10°kms™'; e.g. Berger et al. 2002;
Soderberg 2007; Drout et al. 2015). The interaction is domi-
nated by the outermost, fastest ejecta (v 2 0.15¢), which car-
ries only ~ 107 of the total kinetic energy (Matzner & Mc-
Kee 1999), while the dominant source of absorption is syn-
chrotron self-absorption (Chevalier 1998). Most normal SNe
Ic (i.e. no LGRB) that have been detected in the radio peaked
at Lggr, < 1028 ergs™ Hz™!, on a timescale of tens of days

~

(Berger et al. 2003; Soderberg et al. 2010; Margutti et al.
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2014b), though there are some exceptions (e.g. Corsi et al.
2014; Kamble et al. 2016). Generally, the predicted luminos-
ity at ~ 300d is well below our limit for SN 2015bn. Radio
emission from the magnetar itself is not expected, as Galac-
tic magnetars are not detected as radio sources (e.g. Gaensler
et al. 2001), and any signal that was emitted would be ob-
scured by free-free absorption in the ionised inner regions of
the ejecta (Chomiuk et al. 2011). In conclusion, our radio
observation is not constraining for the magnetar model.

For the alternative model in which the optical luminosity
is powered by interaction with CSM, the masses and densi-
ties involved are much higher; our best-fit wind model has a
mass-loss rate higher than that inferred for normal SNe Ic by
several orders of magnitude (if normalized to the same wind
velocity). In this regime, all of the ejecta interacts with the
massive CSM, and therefore the kinetic energy involved is
the total energy of the ejecta, ~ few x 10°! erg (section 6).
For the very dense mass-loss in our CSM fits, we expect that
the radio emission will be obscured by free-free absorption
until well after maximum light (for example radio emission
in Type II SNe — which have mass-loss rates intermediate be-
tween Type Ic SNe and our models here — peaks at 2> 100d
after explosion; Weiler et al. 2002).

For each of the models shown in Figure 20, the forward
shock reaches the outer edge of the CSM at the time of optical
maximum; the declining light curve is then powered by diffu-
sion of the stored shock energy. This is similar to the state-
ment that R,, & R, (section 6.3). Nicholl et al. (2014) fitted a
number of SLSN light curves with this interaction model, and
also found that good fits required shock breakout at around
maximum light. In this scenario, we might expect to see ra-
dio emission around optical maximum, when the shock is near
the outer surface of the CSM. Once the shock expands past the
CSM, there is no further particle acceleration. Adiabatic ex-
pansion rapidly reduces the energy density in relativistic par-
ticles and magnetic fields, and the radio luminosity falls off
rapidly (L, oc t~®; Chomiuk et al. 201 1) — therefore we expect
no radio emission if there is no more mass to interact with
outside of R,,.

However, the late-time light curve of SN 2015bn could in-
dicate continued interaction with CSM further out from the
progenitor, for example a tail of lower density material caus-
ing the change in decline rate after around 70d. In Fig-
ure 21, we showed a model that was powered by continued
interaction with an extended outer region of CSM that had
M /v10=0.05Mg yr‘l, where vy is the wind velocity normal-
ized to 10kms™'. Several other SLSNe also show a more
gradual decline at late times (Figure 18). Radio observations
at this phase can help to distinguish whether the slow luminos-
ity decline is indeed powered by continued interaction, rather
than *°Ni-decay or a magnetar. If interaction is the culprit,
as would be confirmed by bright radio emission, we can then
use the radio luminosity to probe the mass-loss history of the
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Figure 26. Radio spectra at the approximate time of our observa-
tion of SN 2015bn for interaction models with Ey = 4 x 10°! erg and
vsn = 8000kms™!, and a variety of mass-loss rates, parameterised
as M/10° Mg yr! (v,,/10kms™")™'. The low-frequency limit is not
constraining, but the high-frequency limit can exclude a range of
mass-loss rates.
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Figure 27. The radio light curves of interaction models at 24 GHz.
Our limit for SN 2015bn excludes models with mass-loss rates be-
tween 1077 < M < 107" Mg yr'. Models with M ~ 10™' Mg yr™!
(as implied by the optical light curve) peak later than our observa-
tion, at around 3 years after explosion.

progenitor.

We tested this scenario by comparing our deep radio limit to
the predictions of interaction-powered models. Based on our
estimate from Figure 21 (see also Table 3), we assume that the
late-time luminosity is powered by continued interaction with
a wind density profile located outside of Ry, = 10 cm. We
can safely ignore the properties of any inner, denser regions
of CSM, as the radio observations were carried out 200d af-
ter the transition to the shallower decline rate, indicating the
shock should long have left the dense region and will interact
only with the outer material. Our model, which includes free-
free absorption and synchrotron self-absorption (for further
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details on the model, see Kamble et al. 2014, 2016), conser-
vatively assumes a shock velocity of 5000 kms~!, which is at
the lower end of the range we find in our fits to the optical
light curve.

The radio spectral energy distributions of these models
are shown in Figure 26. Comparing to our limits for SN
2015bn, we can see that it is our high-frequency observa-
tion that proves to be constraining. Therefore we compare
the 22 GHz observation to the radio light curves in Figure 27.
These models are calculated at 24 GHz to give a good match
to the rest-frame frequency of the data. As demonstrated by
the figure, the observational limit excludes models with mass-
loss rates of 1027 < M /vip < 102 Mg yr~!. Using a faster
shock velocity does not greatly impact upon these results, but
would generate brighter radio light curves that would rule out
a slightly wider range in mass-loss rates. The largest mass-
loss rate that we can exclude, M /vio = 0.01 Mg, yr', is close
to our estimate for that needed to power the late-time op-
tical light curve through continued ejecta-CSM interaction.
Models with M /vio =~ 0.1 Mg yr~' reach radio maximum at
10° days after explosion. Therefore radio observations at
v 2 20 GHz, carried out over the coming months and years,
corresponding to progressively denser CSM, should be able to
confirm or rule out the continued-interaction model we used
to fit the optical light curve. This is perhaps the first eas-
ily testable prediction that can potentially distinguish between
interaction- and magnetar-powered models.

Inspection of Figure 26 shows that for high mass-loss
rates (M /vio ~ 0.1 Mg yr™!), the synchrotron flux is expected
to peak in the millimeter range, suggesting that future ob-
servations of SLSNe should use both radio and millime-
ter observations to constrain the SED. The Atacama Large
Millimeter/sub-millimeter Array (ALMA) should be able to
reach the required sensitivity for the next SLSN at z ~ 0.1.

8. HOST GALAXY

The host of SN 2015bn is visible as a faint, compact blue
source in SDSS. This is not surprising, as all SLSNe I to
date have been found in low-metallicity dwarf galaxies (Neill
et al. 2011; Chen et al. 2013; Lunnan et al. 2014; Chen et al.
2015; Leloudas et al. 2015), with the exception of ASASSN-
151h (Dong et al. 2016), which is also distinct because of
its luminosity. The SDSS magnitudes from Data Release 12
(Alam et al. 2015) are u = 23.11 £0.39, g = 22.30 £ 0.10,
r=22.06+0.13,i=22.06£0.19, and z=21.63 £0.44. The
source is marginally detected by GALEX in the NUV band
(but not in FUV) at mnyv = 23.62 +0.59. Using the SDSS
colour transformations of Jordi et al. (2006), we find an ab-
solute B-band magnitude My ~ —16.0. This is similar to the
faintest SLSN hosts identified by Lunnan et al. (2014) and
Leloudas et al. (2015). SN 2015bn outshines its host by 2-
5 magnitudes over the course of the 2016 observing season.
Late, deep SN spectra show weak, narrow emission lines of
Ha, HS, [O11] A3727 and [O 111] AX4959,5007 from the host

galaxy, from which we derived the redshift of z=0.1136. We
measured the line fluxes in the two latest spectra at +106 and
+243 d. The mean of these fluxes gives a Balmer decrement
Ha/HB = 2.41 +0.65, where the large error is due to the dif-
ficulty in measuring the very weak H5. Comparing this to
the theoretical ratio for Case B recombination, Ha/H3 =2.86
(assuming an electron temperature of 10000 K and density of
100 cm™3; Osterbrock 1989), we find that the internal dust ex-
tinction in the host, while admittedly quite uncertain, is con-
sistent with our assumed value of E(B—V) =0 (see section
3.3).

We measured the offset of SN 2015bn from the host cen-
troid as follows. First we aligned the deep NTT g-band im-
age of the SN with the SDSS pre-explosion stack and mapped
to a common pixel scale using 10 field stars and the IRAF
tasks GEOMAP and GEOTRAN. The SN is offset by 1.7+0.9
EFOSC?2 pixels in the North-East direction, where the error is
calculated from the uncertainty in the image alignment. This
corresponds to 04 +0/2. The angular scale at the distance
of SN 2015bn is 2.1kpc/”, resulting in a physical offset of
< 1 kpc from the center of the host galaxy. This small offset
is similar to the median offset of the SLSN sample from Lun-
nan et al. (2015). The half-light radius in the SDSS image is
0!"7, giving a normalized offset for SN 2015bn of r/rsp = 0.6,
again similar to the values in Lunnan et al., as well as to the
mean for LGRBSs, (r/rso) =0.67 (Blanchard et al. 2016).

It is common practice in the literature to estimate the metal-
licity using the strong-line R,3 method (Pagel et al. 1979; Mc-
Gaugh 1991; Kobulnicky et al. 1999), particularly as weaker,
temperature-sensitive lines are generally difficult to detect
from the faint hosts of SLSNe (Chen et al. 2015). This di-
agnostic uses ratios of [O 11] A3727, [O 111] AA\4959,5007 and
HpS. The disadvantage of using R»j3 is that the calibration is
double-valued, with a high- and low-metallicity branch. De-
tection of weak lines can help to break this degeneracy; how-
ever no such lines have been detected for the SN 2015bn host
at the current depth of our observations. We find that the lower
branch gives 12 +1log(O/H) = 8.05, while the higher branch
gives 8.60. There is an uncertainty of about 0.2 dex associ-
ated with these values due to a noise spike contaminating the
[O11] A3727 line. Nevertheless, these values are much in line
with other SLSN I hosts (Lunnan et al. 2014; Chen et al. 2015;
Leloudas et al. 2015). We note that when it has been possible
to distinguish between the two branches of the R,3 relation,
the lower value is generally favoured for SLSN hosts.

We fitted the SDSS magnitudes'’ of the host galaxy using
the stellar population code MAGPHYS (Da Cunha et al. 2008).
This code employs a library of stellar evolution and popula-
tion models from Bruzual & Charlot (2003), treating stellar
and dust contributions to the total luminosity separately. The
formal best-fitting model is shown in Figure 28. MAGPHYS
also calculates likelihood distributions for key model param-

10 We neglect the GALEX point, as it is such a marginal detection
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Figure 28. Best-fitting MAGPHYS (Da Cunha et al. 2008) model for
the host of SN 2015bn. Coloured points are the SDSS ugriz (pet-
rosian) magnitudes from Data Release 12 (Alam et al. 2015).

eters. The median stellar mass is found to be 4.2 x 108 Mo,
with a 1o range of 1.8 x 108-1.1 x 10° M. This is similar
to many of the SLSN I host galaxies studied by Lunnan et al.
(2014) and Leloudas et al. (2015). The r-band light-weighted
age of the stellar population is ~ 1.7733 Gyr, which is older
than the majority of SLSN hosts, but consistent with the older
galaxies in the Lunnan et al. (2014) sample. However, we
note that this is only weakly constrained, due to the large un-
certainties on the SDSS photometry. A more robust constraint
will only be possible after SN 2015bn has faded. Finally,
the model star-formation rate (SFR) of 0.55+0.18 M, yr™!
is typical of these galaxies. We find a somewhat lower SFR if
we use the measured Ha flux and the scaling relation of Ken-
nicutt (1998): SFR=7.9 x 10*?(Lya/ergs™) =0.036 M, yr .
In conclusion, the host of SN 2015bn fits the distinctive pro-
file of the usual galaxies that play host to SLSNe I.

9. CONCLUSIONS

We have presented a detailed study of SN 2015bn, one of
the closest and brightest SLSNe I yet discovered. Using a
wide range of facilities, we collected a densely sampled light
curve in the UV, optical and NIR, along with spectroscopy
covering all phases of its evolution. The resulting dataset pro-
vides a new benchmark for observations of SLSNe I, motivat-
ing detailed study. A deep radio observation several hundred
days after explosion gives a physically restrictive limit on both
the presence of relativistic jets and extended dense mass-loss.

SN 2015bn is a slowly-declining SLSN, and in many ways
a typical one. The late-time decline rate is very similar to
PTF12dam and SN 2007bi, as are the persistent blue colours.
The SED matches a hot blackbody in the optical, while the
UV light is strongly affected by absorption lines at maximum
light. The spectroscopic evolution also shows remarkable
similarity to the other slow decliners. We follow the evolu-
tion of all of the strongest lines in the spectrum until > 100d

from maximum light, finding an extremely gradual evolution
except for a period between +7-30d, when a steep tempera-
ture decline triggers a transition from a spectrum dominated
by O11 and Fe 11l to one dominated by Fe 11, Ca1l, Sill and
Mg1]. Line velocities show a very gradual decline over time.
The host galaxy is clearly a faint, blue dwarf — similar to the
hosts of virtually all SLSNe I.

Yet at the same time, SN 2015bn reveals some surprising
differences that may offer new insight into the nature of these
explosions. The light curve shows a number of distinctive un-
dulations, that seem to indicate a complex density structure —
for example detached CSM shells at large radii, or a magnetar
wind and ionisation fronts. We found that these fluctuations
were much more pronounced at UV wavelengths.

In the spectrum, we tentatively see evidence that there could
be residual hydrogen in some SLSNe I, with some early ab-
sorption features possibly matching Ho and HB. We also see
a line in the NIR that could be consistent with He I, which has
been seen in only one previous SLSN I (Inserra et al. 2013).
However, other possibilities exist to explain the potential H
and He features. We make a systematic comparison of the
very late spectra of SLSNe I (fast and slow) with normal and
broad-lined SNe Ic, the latter being associated with LGRBs.
We find many similarities that suggest a link between these
various classes, as well as some differences in the sodium,
silicon and calcium lines that may provide clues to the varia-
tions in physical conditions between events.

Applying physical models to the light curve, we found that
both magnetar and CSM-interaction power sources could re-
produce the data. Our best-fit magnetar model suggests that
the first detection of SN 2015bn is during the ‘bump’ phase,
and gives a good fit to the temperature and velocity evolu-
tion. For the interaction model, either a transition to a lower-
density outer layer of CSM, or several solar masses of °Ni in
the ejecta, seem to be required to match the tail phase. Purely
SNi-powered models, including PISN models, give a good
match only at late times, and the extremely large ejecta mass
associated with the pair-instability means that they struggle
to reproduce the short-timescale behaviour around maximum
light.

One of the greatest mysteries surrounding SLSNe I is the
nature of their apparent connection to LGRBs. This connec-
tion is both observational, in their similar spectra (Figure 15)
and host galaxies (Lunnan et al. 2014; but see Angus et al.
2016), and theoretical, in the central engine models (e.g. Met-
zger et al. 2015). Our radio limit, for the first time, explic-
itly rules out a healthy off-axis LGRB for an observed SLSN.
This suggests that, if both classes are powered by engines, the
SLSN engine may fail to drive a jet through the stellar enve-
lope. However, we cannot exclude a low-luminosity GRB, so
the possibility of a weak jet remains.

On the other hand, if the optical light curve is powered
by interaction, model fits can predict the time at which the
CSM becomes optically thin to radio emission. The mass-
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loss rate implied by the late-time bolometric light curve is
M /vy 2 1072 Mg yr~!, while our radio limits rule out a wind
with 10727M /v1p < 1072 Mg yr~!. Continued radio observa-
tions of SN 2015bn over the next few years will present a
unique chance to improve constraints on interaction-powered
models for SLSNe and probe the mass-loss histories of their
progenitors.

The depth, cadence and wavelength coverage of the data
presented here make SN 2015bn the most thoroughly ob-
served SLSN I to date. This dataset should provide a valuable
resource for modelling efforts and detailed comparisons with
SLSNe discovered in the future. The undulating light curve
sub-structure, along with the recent discovery of the fast early
bumps, shows the importance of observing SLSNe with a high
cadence, despite their light curves being on the whole broader
than normal SNe Ic.

We are continuing to observe SN 2015bn as it slowly fades
away. Deep spectroscopy in the nebular phase and continued
radio follow-up will offer even tighter constraints on the ex-
plosion mechanism. This work shows the importance of fol-
lowing SLSNe over a wide range in wavelength, in order to
break the degeneracy between magnetar and interaction mod-
els and constrain possible progenitors.

We thank Nidia Morrell for observations at Magellan.
S.J.S. acknowledges funding from the European Research
Council under the European Union’s Seventh Framework Pro-
gramme (FP7/2007-2013)/ERC Grant agreement n° [291222]
and STFC grants ST/I001123/1 and ST/L000709/1. This
work is based (in part) on observations collected at the Euro-
pean Organisation for Astronomical Research in the Southern
Hemisphere, Chile as part of PESSTO, (the Public ESO Spec-
troscopic Survey for Transient Objects Survey) ESO program
188.D-3003, 191.D-0935. The Pan-STARRS1 Surveys (PS1)
have been made possible through contributions of the Institute
for Astronomy, the University of Hawaii, the Pan-STARRS
Project Office, the Max-Planck Society and its participating
institutes, the Max Planck Institute for Astronomy, Heidel-
berg and the Max Planck Institute for Extraterrestrial Physics,
Garching, The Johns Hopkins University, Durham University,
the University of Edinburgh, Queen’s University Belfast, the
Harvard-Smithsonian Center for Astrophysics, the Las Cum-
bres Observatory Global Telescope Network Incorporated, the
National Central University of Taiwan, the Space Telescope
Science Institute, the National Aeronautics and Space Ad-
ministration under Grant No. NNX08AR22G issued through
the Planetary Science Division of the NASA Science Mission
Directorate, the National Science Foundation under Grant
No. AST-1238877, the University of Maryland, and Eotvos
Lorand University (ELTE). Operation of the Pan-STARRSI
telescope is supported by the National Aeronautics and Space
Administration under Grant No. NNX12AR65G and Grant
No. NNX14AM74G issued through the NEO Observation

Program. Based on observations made with the Nordic Op-
tical Telescope, operated by the Nordic Optical Telescope
Scientific Association at the Observatorio del Roque de los
Muchachos, La Palma, Spain, of the Instituto de Astrofisica
de Canarias. A.G.-Y. is supported by the EU/FP7 via ERC
grant No. 307260, the Quantum Universe I-Core programme
by the Israeli Committee for Planning and Budgeting and
the ISF; by Minerva and ISF grants; by the Weizmann-
UK ‘making connections’ programme; and by the Kimmel
and YeS awards. B.D.M. is supported by NSF grant AST-
1410950 and the Alfred P. Sloan Foundation. Support for
L.G. is provided by the Ministry of Economy, Development,
and Tourism’s Millennium Science Initiative through grant
IC120009 awarded to The Millennium Institute of Astro-
physics (MAS), and CONICYT through FONDECYT grant
3140566. This work was partly supported by the European
Union FP7 programme through ERC grant number 320360.
K. M. acknowledges support from the STFC through an
Ernest Rutherford Fellowship. A.M. acknowledges fund-
ing from CNRS. Development of ASAS-SN has been sup-
ported by NSF grant AST-0908816 and CCAPP at the Ohio
State University. ASAS-SN is supported by NSF grant AST-
1515927, the Center for Cosmology and AstroParticle Physics
(CCAPP) at OSU, the Mt. Cuba Astronomical Foundation,
George Skestos, and the Robert Martin Ayers Sciences Fund.
B.S. is supported by NASA through Hubble Fellowship grant
HF-51348.001 awarded by the Space Telescope Science Insti-
tute, which is operated by the Association of Universities for
Research in Astronomy, Inc., for NASA, under contract NAS
5-26555. C.S.K. is supported by NSF grants AST-1515876
and AST-1515927. T.W.-S.H. is supported by the DOE Com-
putational Science Graduate Fellowship, grant number DE-
FGO02-97ER25308. V.A.V. is supported by a NSF Graduate
Research Fellowship. P.S.C. is grateful for support provided
by the NSF through the Graduate Research Fellowship Pro-
gram, grant DGE1144152. P.B. is supported by the National
Science Foundation Graduate Research Fellowship Program
under Grant No. DGE1144152. D.A.H., C.M. and G.H. are
supported by NSF grant 1313484.

REFERENCES

Akerlof, C. W., Kehoe, R., McKay, T., et al. 2003, Publications of the
Astronomical Society of the Pacific, 115, 132

Alam, S., Albareti, F. D., Prieto, C. A., et al. 2015, arXiv preprint
arXiv:1501.00963

Alard, C., & Lupton, R. H. 1998, ApJ, 503, 325

Alexander, K. D., Nicholl, M., Berger, E., & Margutti, R. 2016, ATel, 8552

Angus, C. R., Levan, A.J., Perley, D. A., et al. 2016, MNRAS, 458, 84

Arnett, W. D. 1982, ApJ, 253, 785

Baltay, C., Rabinowitz, D., Hadjiyska, E., et al. 2013, PASP, 125, 683

Benetti, S., Nicholl, M., Cappellaro, E., et al. 2014, MNRAS, 441, 289

Berger, E., Kulkarni, S., & Chevalier, R. 2002, ApJL, 577, L5

Berger, E., Kulkarni, S., Frail, D., & Soderberg, A. 2003, ApJ, 599, 408

Blanchard, P. K., Berger, E., & fai Fong, W. 2016, The Astrophysical
Journal, 817, 144



SN 2015BN: A NEARBY SLSN 29

Brown, P. J., Holland, S. T., Immler, S., et al. 2009, The AJ, 137, 4517

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Cano, Z., Wang, S.-Q., Dai, Z.-G., & Wu, X.-F. 2016, arXiv preprint
arXiv:1604.03549

Chatzopoulos, E., Wheeler, J. C., & Vinko, J. 2012, ApJ, 746, 121

Chatzopoulos, E., Wheeler, J. C., Vinko, J., Horvath, Z., & Nagy, A. 2013,
Apl, 773,76

Chen, T.-W., Smartt, S. J., Bresolin, F,, et al. 2013, ApJ, 763, L28

Chen, T.-W., Smartt, S. J., Jerkstrand, A., et al. 2015, MNRAS, 452, 1567

Chevalier, R. A. 1982, ApJ, 258, 790

—. 1998, ApJ, 499, 810

Chevalier, R. A., & Fransson, C. 2006, ApJ, 651, 381

Chevalier, R. A., & Irwin, C. M. 2011, ApJL, 729, L6

Chomiuk, L., Chornock, R., Soderberg, A, et al. 2011, ApJ, 743, 114

Corsi, A., Ofek, E., Gal-Yam, A, et al. 2014, The Astrophysical Journal,
782,42

Da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595

Dessart, L., Hillier, D. J., Waldman, R., Livne, E., & Blondin, S. 2012,
MNRAS, 426, L76

Dexter, J., & Kasen, D. 2013, ApJ, 772, 30

Dong, S., Shappee, B. J., Prieto, J. L., et al. 2016, Science, 351, 257

Dopita, M., Hart, J., McGregor, P, et al. 2007, Ap&SS, 310, 255

Drake, A., Djorgovski, S., Mahabal, A., et al. 2009, ApJ, 696, 870

Drake, A., Stern, D., Djorgovski, S., et al. 2015, ATel, 7156, 1

Drout, M., Milisavljevic, D., Parrent, J., et al. 2015, arXiv preprint
arXiv:1507.02694

Duncan, R. C., & Thompson, C. 1992, ApJ, 392, L9

Edelson, R., Gelbord, J., Horne, K., et al. 2015, The Astrophysical Journal,
806, 129

Fassia, A., Meikle, W., Vacca, W., et al. 2000, MNRAS, 318, 1093

Filippenko, A. 1997, Annu. Rev. Astro. Astrophys., 35, 309

Fraser, M., Inserra, C., Jerkstrand, A., et al. 2013, MNRAS, 433, 1312

Gaensler, B., Slane, P., Gotthelf, E., & Vasisht, G. 2001, ApJ, 559, 963

Gal-Yam, A. 2012, Science, 337, 927

Gal-Yam, A., Mazzali, P., Ofek, E., et al. 2009, Nature, 462, 624

Gezari, S., Halpern, J., Grupe, D., et al. 2009, ApJ, 690, 1313

Ginzburg, S., & Balberg, S. 2012, ApJ, 757, 178

Graham, M., Sand, D., Valenti, S., et al. 2014, ApJ, 787, 163

Greiner, J., Mazzali, P. A., Kann, D. A, et al. 2015, Nature, 523, 189

Guetta, D., & Della Valle, M. 2007, ApJL, 657, L73

Hachinger, S. 2011, PhD thesis, Universitidt Miinchen

Hamuy, M. 2003, ApJ, 582, 905

Hatano, K., Branch, D., Fisher, A., Millard, J., & Baron, E. 1999, ApJS, 121,
233

Heger, A., & Woosley, S. 2002, ApJ, 567, ,

Howell, D., Kasen, D., Lidman, C., et al. 2013, ApJ, 779, 98

Huber, M., Chambers, K., Flewelling, H., et al. 2015, ATel, 7153, 1

Hunter, D. J., Valenti, S., Kotak, R., et al. 2009, A&A, 508, 371

Inserra, C., & Smartt, S. J. 2014, ApJ, 796, 87

Inserra, C., Smartt, S., Jerkstrand, A., et al. 2013, ApJ, 770, 128

Inserra, C., Fraser, M., Smartt, S., et al. 2015, arXiv preprint
arXiv:1510.01109

Inserra, C., Smartt, S., Gall, E., et al. 2016, arXiv preprint arXiv:1604.01226

Jerkstrand, A., Smartt, S., & Heger, A. 2016, MNRAS, 455, 3207

Jordi, K., Grebel, E. K., & Ammon, K. 2006, A&A, 460, 339

Justham, S., Podsiadlowski, P., & Vink, J. S. 2014, ApJ, 796, 121

Kaiser, N., Burgett, W., Chambers, K., et al. 2010, in SPIE Astronomical
Telescopes+ Instrumentation, International Society for Optics and
Photonics, 77330E-77330E

Kamble, A., Soderberg, A. M., Chomiuk, L., et al. 2014, ApJ, 797, 2

Kamble, A., Margutti, R., Soderberg, A. M., et al. 2016, ApJ, 818, 111

Kasen, D., & Bildsten, L. 2010, ApJ, 717, 245

Kasen, D., Metzger, B., & Bildsten, L. 2015, ArXiv e-prints,
arXiv:1507.03645

Kasen, D., Woosley, S., & Heger, A. 2011, ApJ, 734, 102

Kennicutt, Jr, R. C. 1998, arXiv preprint astro-ph/9807187

Kobulnicky, H. A., Kennicutt Jr, R. C., & Pizagno, J. L. 1999, ApJ, 514, 544

Kramida, A., Yu. Ralchenko, Reader, J., & and NIST ASD Team. 2015,
NIST Atomic Spectra Database (ver. 5.3), [Online]. Available:
http://physics.nist.gov/asd [2016, February 23]. National
Institute of Standards and Technology, Gaithersburg, MD.

Le Guillou, L., Mitra, A., Baumont, S., et al. 2015, ATel, 7102, 1

Leloudas, G., Chatzopoulos, E., Dilday, B., et al. 2012, A&A, 541, A129

Leloudas, G., Schulze, S., Kriihler, T., et al. 2015, MNRAS,, 449, 917

Liang, E., Zhang, B., Virgili, F., & Dai, Z. 2007, ApJ, 662, 1111

Lunnan, R., Chornock, R., Berger, E., et al. 2013, ApJ, 771, 97

—. 2014, ApJ, 787, 138

—. 2015, ApJ, 804, 90

MacFadyen, A., & Woosley, S. 1999, ApJ, 524, 262

Margutti, R., Soderberg, A., Wieringa, M., et al. 2013, ApJ, 778, 18

Margutti, R., Milisavljevic, D., Soderberg, A., et al. 2014a, Ap]J, 780, 21

—. 2014b, ApJ, 797, 107

Martin, J. C., Hambsch, F.-J., Margutti, R., et al. 2014, AJ, 149, 9

Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379

Mauerhan, J. C., Smith, N., Filippenko, A. V., et al. 2013, MNRAS, stt009

McGaugh, S. S. 1991, ApJ, 380, 140

Metzger, B. D., Margalit, B., Kasen, D., & Quataert, E. 2015, MNRAS, 454,
3311

Metzger, B. D., Vurm, 1., Hascoét, R., & Beloborodov, A. M. 2014,
MNRAS, 437, 703

Millard, J., Branch, D., Baron, E., et al. 1999, ApJ, 527, 746

Miller, A., Chornock, R., Perley, D., et al. 2009, ApJ, 690, 1303

Moriya, T., Tominaga, N., Tanaka, M., Maeda, K., & Nomoto, K. 2010, ApJ,
717,183

Moriya, T. J., & Maeda, K. 2012, ApJL, 756, L22

Neill, J. D., Sullivan, M., Gal-Yam, A., et al. 2011, ApJ, 727, 15

Nicholl, M., & Smartt, S. J. 2016, MNRAS, 457, L79

Nicholl, M., Smartt, S. J., Jerkstrand, A., et al. 2013, Nature, 502, 346

—. 2014, MNRAS, 444, 2096

Nicholl, M., Smartt, S., Jerkstrand, A., et al. 2015a, ApJL, 807, L18

Nicholl, M., Smartt, S. J., Jerkstrand, A., et al. 2015b, MNRAS, 452, 3869

Osterbrock, D. E. 1989, Astrophysics of gaseous nebulae and active galactic
nuclei

Ostriker, J. P., & Gunn, J. E. 1971, ApJ, 164, L95

Pagel, B., Edmunds, M., Blackwell, D., Chun, M., & Smith, G. 1979,
MNRAS, 189, 95

Parrent, J. T., Milisavljevic, D., Soderberg, A. M., & Parthasarathy, M.
2015, ArXiv e-prints, arXiv:1505.06645

Pastorello, A., Smartt, S., Botticella, M., et al. 2010, ApJL, 724, L16

Pastorello, A., Cappellaro, E., Inserra, C., et al. 2013, ApJ, 767, 1

Patat, F., Cappellaro, E., Danziger, J., et al. 2001, ApJ, 555, 900

Perley, R., Chandler, C., Butler, B., & Wrobel, J. 2011, ApJL, 739, L1

Poole, T., Breeveld, A., Page, M., et al. 2008, MNRAS, 383, 627

Poznanski, D., Prochaska, J. X., & Bloom, J. S. 2012, MNRAS, 426, 1465

Quimby, R. M., Aldering, G., Wheeler, J. C., et al. 2007, ApJL, 668, L99

Quimby, R. M., Yuan, F., Akerlof, C., & Wheeler, J. C. 2013, MNRAS, 431,
912

Quimby, R. M., Kulkarni, S., Kasliwal, M. M., et al. 2011, Nature, 474, 487

Rau, A., Kulkarni, S. R., Law, N. M., et al. 2009, PASP, 121, 1334

Sauer, D., Mazzali, P., Deng, J., et al. 2006, MNRAS, 369, 1939

Schlafly, E. F.,, & Finkbeiner, D. P. 2011, ApJ, 737, 103

Shappee, B., Prieto, J., Grupe, D., et al. 2014, ApJ, 788, 48

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Smartt, S. J., Valenti, S., Fraser, M., et al. 2015, A&A, 579, A40

Smith, M., Sullivan, M., D’ Andrea, C., et al. 2016, ApJL, 818, L8

Smith, N., Mauerhan, J. C., & Prieto, J. L. 2013, MNRAS, stt2269

Smith, N., & McCray, R. 2007, ApJL, 671, L17

Smith, N., Li, W,, Foley, R. J., et al. 2007, ApJ, 666, 1116

Soderberg, A. 2007, The many facets of cosmic explosions
(Universal-Publishers)

Soderberg, A. M., Chakraborti, S., Pignata, G., et al. 2010, Nature, 463, 513

Taubenberger, S., Pastorello, A., Mazzali, P, et al. 2006, MNRAS, 371, 1459

Thomas, R., Nugent, P., & Meza, J. 2011, PASP, 123, 237

Valenti, S., Elias-Rosa, N., Taubenberger, S., et al. 2008, ApJL, 673, L155



30

Valenti, S., Taubenberger, S., Pastorello, A., et al. 2012, ApJL, 749, L28 —. 2010, ApJL, 719, L204

Van Eerten, H., Zhang, W., & MacFadyen, A. 2010, ApJ, 722, 235 Woosley, S., Blinnikov, S., & Heger, A. 2007, Nature, 450, 390
Vreeswijk, P. M., Savaglio, S., Gal-Yam, A., et al. 2014, ApJ, 797, 24 Yan, L., Quimby, R., Ofek, E., et al. 2015, ApJ, 814, 108
Wang, S., Wang, L., Dai, Z., & Wu, X. 2015, ApJ, 799, 107 Yaron, O., & Gal-Yam, A. 2012, PASP, 124, 668

Weiler, K. W., Panagia, N., Montes, M. J., & Sramek, R. A. 2002, Annual Young, D., Smartt, S., Valenti, S., et al. 2010, A&A, 512, A70

Review of Astronomy and Astrophysics, 40, 387
Woosley, S. 1993, ApJ, 405, 273

APPENDIX
A. PHOTOMETRIC DATA
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Figure Al:. r-band image of SN 2015bn from LT, showing the positions of the SDSS field stars used to calibrate the magnitudes.
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Table Al:. Ground-based photometry in SDSS-like ugriz filters (AB magnitudes)

MJD Phase” u g r i z Telescope
57048.7 -47.9 - - - 17.62 (0.07) - PS1
57049.7  -47.0 - - - 17.59 (0.07) - PS1
57053.5 -43.6 - - 17.33 (0.13) - - PS1
57068.47 -30.1 - 16.94 (0.01) - - - PS1
57069.45 -29.2 - 16.88 (0.01) - - - PS1
57071.6 -27.3 - 16.89 (0.05) - 17.12 (0.09) - LCOGT-1m
5707259  -26.4 _ 16.80 (0.04) 1698 (0.06) 17.18 (0.07) 17.44(0.13)  LCOGT-Im
57073.88 -25.3 - 16.81 (0.09) 17.02 (0.06)  17.16 (0.08) - LCOGT-1m
57077.17 -22.3 17.08 (0.05) 16.87 (0.04) 16.95(0.06) 17.10(0.03) 17.21 (0.04) LT+IO0:0
57077.45 -22.0 - 16.88 (0.01) - - - PS1
57077.62 -21.9 - 16.83 (0.03) 16.92(0.06) 17.13 (0.06) - LCOGT-1m
57078.47 -21.1 - 16.88 (0.01) - - - PS1
57080.08 -19.7 16.98 (0.04) 16.82(0.03) 16.94 (0.05) 17.05(0.02) 17.23 (0.02) LT+IO0:0
57081.5 -18.4 - 16.78 (0.08)  17.00 (0.06)  17.05 (0.04) - LCOGT-1m
57082.94 -17.1 17.11 (0.07)  16.79 (0.04) 16.92 (0.05) 17.01(0.02) 17.18 (0.03) LT+IO:0
57085.22 -15.1 - 16.63 (0.09) 16.95(0.08)  16.98 (0.06) - LCOGT-1m
57086.01  -144  17.01(0.04) 1677 (0.08) 16.90 (0.05) 17.01 (0.07) 17.13 (0.04) LT+10:0
57090.97 9.9 - 16.68 (0.03) 16.82(0.13) 16.95(0.11) - LCOGT-1m
57093.02 8.1  1678(0.04) 16.63(0.03) 1678 (0.05) 16.92(0.02) 17.07 (0.03) LT+0:0
57094.87 -6.4 - 16.64 (0.04) 16.75(0.07)  16.90 (0.09) - LCOGT-1m
57095.47 -5.9 - 16.70 (0.02) - - - PS1
57095.93 -5.5 16.79 (0.03)  16.61 (0.04) 16.77 (0.05) 16.89(0.02) 17.05 (0.02) LT+IO0:0
57098.61 -3.0 - 16.62 (0.06)  16.80 (0.05)  16.89 (0.04) - LCOGT-1m
5710252 05 _ 16.61 (0.04) 16.72(0.06)  16.87 (0.06) - LCOGT-1m
57103.4 1.3 - 16.67 (0.01) - - - PS1
57104.43 22 - 16.73 (0.01) - - - PS1
57106.44 4.0 - 16.67 (0.14)  16.84 (0.13)  16.92 (0.13) - LCOGT-1m
57110.16 7.3 - 16.75 (0.05)  16.85(0.06)  16.88 (0.08) - LCOGT-1m
5711693 134  1698(0.10) 16.83(0.04) 16.91(0.07) 16.95(0.07) 17.09 (0.03) LT+0:0
57120.15 16.3 - 16.96 (0.10)  16.99 (0.06)  17.03 (0.08) - LCOGT-1m
57122.85 187  17.29(0.07) 17.00(0.06) 17.01(0.05) 17.05(0.02) 17.14 (0.03) LT+10:0
57123.87 19.6 - 17.07 (0.15)  17.12(0.14)  17.20(0.12) - LCOGT-1m
57127.72 23.1 - 17.18 (0.19)  17.21 (0.14) 17.18 (0.14) - LCOGT-1m
5712994 251 17.62(0.02) 17.14(0.02) 17.16 (0.05) 17.19(0.02)  17.20 (0.02) LT+10:0
57131.71 26.7 - 17.33(0.15) 17.30(0.14)  17.39 (0.10) - LCOGT-1m
5713293 27.8  17.76(0.03) 17.24(0.03) 17.20(0.05) 17.22(0.02) 17.21 (0.02) LT+10:0
57135.44 30.0 - 1742 (0.14)  17.28 (0.08)  17.33 (0.06) - LCOGT-1m
57135.94 30.5 17.92 (0.03) 17.32(0.02) 17.26(0.05) 17.27(0.02)  17.32(0.02) LT+IO0:0
57137.27 31.7 - 17.18 (0.01) - - - PS1
57138.86 33.1 18.09 (0.04)  17.35(0.03) 17.29(0.05) 17.31(0.02) 17.35(0.02) LT+IO0:0
5713888  33.1 _ 17.41 (0.06)  17.33 (0.07)  17.35 (0.07) - LCOGT-1m
57144.71 38.4 - 17.60 (0.08)  17.50 (0.09)  17.40(0.11) - LCOGT-1m
57144.89 38.5 18.09 (0.08)  17.55(0.06) 17.41(0.06) 17.34(0.03) 17.37 (0.05) LT+I0:0
57148.31 41.6 - - 17.29 (0.02) - - PS1
57150.03 43.1 - 17.55(0.03) 17.43(0.05) 17.32(0.03) - LCOGT-1m
5715096 440  1821(0.03) 17.51(0.03) 17.39 (0.05) 17.35(0.02) 17.37 (0.03) LT+10:0
57155.76 48.3 - 17.60 (0.03)  17.44 (0.06)  17.43 (0.07) - LCOGT-1m
571617 536 _ 17.66 (0.03)  17.66 (0.08)  17.42 (0.10) - LCOGT-1m
57162.73 54.5 - 17.84 (0.03)  17.66 (0.06) - - LCOGT-1m
57162.9 54.7 18.47 (0.05) 17.78 (0.03)  17.56 (0.05) 17.51(0.02) 17.49 (0.02) LT+I0:0
57166.92 58.3 18.55(0.04) 17.86(0.04) 17.68 (0.06) 17.58 (0.03) 17.52(0.03) LT+IO0:0
57173.38 64.1 - - 17.75 (0.06)  17.69 (0.06) - LCOGT-1m
5717695 673  18.95(0.05) 18.18(0.03) 17.90(0.06) 17.75(0.03) 17.72 (0.03) LT+10:0
57179.11 69.2 - 18.18 (0.05)  17.88 (0.06)  17.85 (0.05) - LCOGT-1m
57184.96 74.5 - 18.28 (0.02)  18.06 (0.05)  17.97 (0.06) - LCOGT-1m
57192.71 81.5 - 18.41 (0.03) 18.12(0.06)  17.98 (0.04) - LCOGT-1m
57199.38 87.4 - 18.39 (0.04)  18.23 (0.06)  18.07 (0.06) - LCOGT-1m
5720634  93.7 - 18.33(0.09) 18.17(0.09)  17.98 (0.11) - LCOGT-1m
57212.39 99.1 - 18.42 (0.04) 18.31(0.06)  18.22(0.04) - LCOGT-1m
57217.73 103.9 - 18.53 (0.04) 18.37(0.06)  18.25(0.09) - LCOGT-1m
57230.35 115.3 - 18.68 (0.05) 18.42(0.07)  18.26 (0.06) - LCOGT-1m
57236.71 121.0 - 18.71 (0.10)  18.53(0.09)  18.39 (0.10) - LCOGT-1m

57373.33° 2437 21.24(0.07) 20.67 (0.14) 20.50(0.13) 20.18 (0.10) 19.96 (0.13) NTT+EFOSC2

“ In rest-frame days from MJD =56102; b Magnitude after removal of host galaxy flux
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Table A2:. Ground-based photometry from SLT in BV R/ filters (Vega magnitudes)

MID Phase“ B \% R 1
5707421  -25.0 16.99 (0.09) 16.82(0.05) 16.91(0.09) 16.71 (0.05)
57079.34  -20.3 16.99 (0.08) 16.85(0.08) 16.86(0.06) 16.75 (0.04)
57080.33  -19.5 16.94 (0.05) 16.75(0.07) 16.80 (0.08) 16.72(0.02)
57081.33  -18.6  16.93(0.06) 16.81(0.06) 16.83(0.07) 16.77 (0.07)
5708224  -17.7  17.05(0.17) 16.76 (0.10) 16.81(0.08) 16.67 (0.04)
57084.24  -159 17.07 (0.12) 16.81(0.09) 16.81(0.06) 16.60 (0.04)
57085.26  -15.0 17.00 (0.14) 16.77 (0.15) 16.75(0.05) 16.68 (0.12)
57094.29 -6.9 16.81 (0.04) 16.62 (0.06) 16.71 (0.06) 16.55 (0.03)
57095.27 -6.0 16.85 (0.05) - 16.71 (0.07) -
57097.21 -4.3 16.76 (0.08) 16.61 (0.09) 16.64 (0.09) 16.57 (0.11)
57098.21 -3.4 16.80 (0.07) 16.56 (0.06) 16.65 (0.10) 16.50 (0.04)
57099.25 -2.5 16.81 (0.05) 16.61 (0.08) 16.64 (0.07) 16.53 (0.04)
57101.31 -0.6 16.80 (0.05) 16.58 (0.07) 16.69 (0.07) 16.50 (0.05)
57104.18 2.0 16.77 (0.08)  16.67 (0.09) 16.68 (0.08) 16.51 (0.05)
57110.21 74 16.87 (0.07) 16.66 (0.08) 16.71 (0.08) 16.51 (0.08)
57113.29 10.1 16.85(0.10) 16.72 (0.16) 16.72 (0.12)  16.52 (0.06)
57117.25 13.7 16.96 (0.12) 16.65 (0.08) 16.85 (0.09) -
57118.21 14.6 17.14 (0.16)  16.81 (0.16) - 16.49 (0.07)
57120.21 16.4 17.02 (0.18) 16.78 (0.07) 16.84 (0.09) 16.62 (0.05)
57126.18 21.7 17.28 (0.07) 16.88 (0.04) 16.93 (0.07) 16.69 (0.07)
57128.16 23.5 17.33 (0.06) 17.03 (0.07) 16.97 (0.07) 16.82 (0.04)
57134.24 29.0 17.57 (0.07) 17.21(0.08) 17.10(0.08) 16.89 (0.13)
57137.21 31.6 17.66 (0.07) 17.24(0.09) 17.15(0.07) 16.95 (0.09)
57139.21 334 17.86 (0.07) 17.34(0.07) 17.16 (0.08) 17.00 (0.06)
57141.17 35.2 17.88 (0.13) 17.48 (0.09) 17.27 (0.07) 17.05 (0.09)
57152.16 45.0 17.76 (0.07) 17.41(0.08) 17.24(0.08) 17.05 (0.09)
57155.15 47.7 17.89 (0.06) 17.43(0.08) 17.22(0.07) 17.03(0.12)
57160.05 52.1 17.92 (0.07) 17.59 (0.09) 17.38 (0.06) -
57161.01 53.0 18.03 (0.06) - 17.44 (0.09) 17.15(0.07)
57175.02 65.6 18.60 (0.22) 17.96 (0.09) 17.53 (0.05) 17.33(0.05)
57178.11 68.3 - 18.01 (0.09) 17.79(0.08) 17.44 (0.07)
57182.12 71.9 - 17.99 (0.15) 17.72(0.05) 17.54 (0.15)
57183.02 72.8 18.55(0.08) 17.96 (0.08) 17.83(0.08) 17.56 (0.10)
57184.03 73.7 18.65 (0.08) 18.01 (0.10) 17.88 (0.07) 17.53 (0.07)
57185.02 74.6 18.56 (0.07) 18.06 (0.05) 17.78 (0.07) 17.61 (0.09)
57199.06 87.2 18.77 (0.16)  18.39(0.15) 17.96 (0.12) -
57210.04 97.0 18.76 (0.20) 18.48 (0.11) 18.10(0.11) 17.85(0.16)
57221.0 1069  18.66 (0.20) 18.38 (0.20) 18.38 (0.09) -

¢ In rest-frame days from MJD =56102
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Table A3:. Swift UVOT photometry (Vega magnitudes)

MID Phase“ uvw?2 uvm?2 uvwl u b v
57072.39 -26.6 17.38 (0.05) 16.85(0.04) 16.57 (0.05) 15.93(0.04) 16.91(0.04) 16.86 (0.06)
57074.17 -25.0 17.34 (0.05) 16.92 (0.05) 16.54 (0.04) 15.94(0.03) - -
57076.17 -23.2 17.40 (0.07) 16.91 (0.12) 16.56 (0.08) 16.00 (0.04) - -
57078.32 -21.3 17.37 (0.07) 17.09 (0.08) 16.49 (0.05) 15.97 (0.04) - -
57080.52 -19.3 17.43 (0.07) 17.05(0.07) 16.50 (0.05) 15.94 (0.04) - -
57084.34 -15.9 17.36 (0.07) 16.87 (0.07) 16.52 (0.05) 15.95 (0.04) - -
57089.98 -10.8 17.37 (0.07) 16.73 (0.06) 16.36 (0.06) 15.96 (0.06) 16.73 (0.06) 16.53 (0.09)
57090.48 -10.3 - - - 15.81 (0.03) - -
57093.76 -7.4 17.18 (0.06) 16.72 (0.05) 16.38 (0.06) 15.73(0.05) 16.64 (0.05) 16.55 (0.08)
57098.99 -2.7 17.23 (0.07) 16.78 (0.09) 16.36 (0.07) 15.74 (0.05) 16.58 (0.05) 16.61 (0.09)
57100.98 -0.9 - - - 15.69 (0.06) - -
57106.87 4.4 17.38 (0.06) 16.78 (0.07) 16.40 (0.06) 15.78 (0.04) 16.63 (0.04) 16.59 (0.07)
57111.50 85  17.34(0.05) 17.08(0.10) 16.53(0.05) 15.85(0.04) 16.72(0.04) 16.51 (0.09)
57110.70 7.8 - - - 15.89 (0.04) - -
57118.42 14.7 17.67 (0.06) 17.33(0.08) 16.79 (0.06) 16.09 (0.04) 16.86 (0.05) 16.80 (0.07)
57122.08 18.0 17.92 (0.10) 17.41(0.13) 16.93(0.09) 16.26 (0.06) 16.99 (0.07) 16.89 (0.11)
57122.79 18.7 - - - 16.28 (0.03) - -
57166.35 57.8 - - - 17.65 (0.04) - -
57185.21 74.7 - - - 18.14 (0.04) - -
57206.83 94.1 - - - 18.33 (0.05) - -
57330.72 205.4 - - - 19.92 (0.24) - -
57335.79 209.9 - - - 19.73 (0.21) - -
57120.82 16.9 17.88 (0.07) 17.41(0.09) 16.97 (0.07) 16.18 (0.05) 17.02(0.05) 16.74(0.07)
57128.63 23.9 18.27 (0.08) 17.96 (0.07) 17.33(0.07) 16.62 (0.06) 17.19 (0.06) 16.93 (0.08)
57131.53 26.5 - 18.18 (0.10) - 16.74 (0.05) - -
57136.31 30.8 18.62 (0.13) 18.58 (0.35) 17.79(0.12) 16.89 (0.08) 17.55(0.08) 17.06 (0.11)
57144.47 38.1 19.13 (0.11) 18.66 (0.09) 18.14(0.09) 17.09 (0.07) 17.66 (0.07) 17.26 (0.10)
57151.19 44.2 19.16 (0.10)  19.02 (0.13) 18.14 (0.09) 17.24 (0.06) 17.74 (0.06) 17.47 (0.09)
57160.63 52.6 19.24 (0.13) 18.95(0.11) 18.20(0.11) 17.39(0.08) 17.92 (0.08) 17.45(0.12)
57172.41 63.2 20.10 (0.24) 19.49 (0.16) 18.56 (0.15) 18.11(0.15) 18.59(0.15) 17.78 (0.17)
57231.37 116.2 - - - 18.40 (0.32) - -
5723237  117.1  20.06 (0.23) 20.32(0.25) 19.27 (0.24) - 18.90 (0.25)  18.33 (0.35)
57330.72%  205.4 - - - 20.02 (0.24) - -
57335.79*  209.9 - 19.84 (0.21) - -

¢ In rest-frame days from MJD

=56102; % Magnitude aft

er removal of host galaxy flux

Table A4:. Ground-based NIR photometry (Vega magnitudes)

MJD Phase? J H K Telescope
57092.17  -8.83  16.70 (0.12) 16.64 (0.10) 16.43 (0.19) NTT+SOFI
57102.17 0.15 16.60 (0.09) 16.65 (0.12) - NTT+SOFI
57110.18 7.35 16.61 (0.07) 16.61 (0.27) 16.39 (0.30) NTT+SOFI
57122.13 18.08 16.73(0.12) 16.71(0.26) 16.51 (0.24) NTT+SOFI
57140.10 3421  16.83(0.09) 16.85(0.20) 16.56 (0.20) NTT+SOFI
57171.90  62.77 17.27(0.12) 17.18(0.13) 16.95 (0.14) NOT+NOTCam
5720570  93.12  17.50(0.09) 17.48(0.12) 17.19 (0.16) NOT+NOTCam
57379.20°  248.92  19.21 (0.08) — 18.67 (0.06) NOT+NOTCam

@ In rest-frame days from MJD = 56102; ® Magnitude after removal of host galaxy flux
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Table A5:. Publicly available CRTS photometry

MID Phase? Rb
57014.00 -79.0  18.87 (0.28)
57064.00 -34.1  16.95 (0.18)
57091.44 95  16.66 (0.04)
57097.44  -4.1 16.63 (0.02)
57102.44 04 16.65 (0.02)
5710944 6.7 16.65 (0.04)
5712344 193  16.88 (0.02)
57129.44 246 17.04 (0.02)
5713544 300  17.15 (0.05)
5715544  48.0  17.33(0.12)

5716244 543 17.44 (0.11)
¢ In rest-frame days from MJD =56102
b Average magnitude of ~ 4 detections on each night

Table A6:. ASAS-SN photometry from stacks of neighbouring epochs

Mean MJD  Phase“ \%4
57014.07 -78.96 >18.74
57033.49 -61.52 >18.06
57042.03 -53.85  17.50(0.12)
57051.47 -45.38  17.19 (0.09)
57068.97 -29.66  16.81 (0.06)
57078.96 -20.69  16.94 (0.07)
57103.76 1.58 16.51 (0.07)
57120.45 16.57 16.67 (0.12)
57134.86 29.51 17.29(0.13)
57158.80 51.01 17.41(0.14)
57186.77 76.12  17.95(0.28)
57378.08  247.92 >18.76

¢ In rest-frame days from MJD =56102

Table A7:. SDSS sequence stars used to calibrate photometry

Star RA Dec u g r i z
1 173.4232  0.7152961 17.28 16.23 1588 15776 15.73
2 173.4245 0.7042278 1648 15.10 14.86 1438 14.30
3 173.3985 0.7062970 16.31 15.01 14.27 14.23 14.06
4 173.3756  0.7023557 17.03 15.74 1527 15.12 15.10
5 1733951 0.7397069 1742 1636 1595 1581 15.76
6 173.4251 0.6638585 1640 15.06 1450 1424 14.10
7 173.4648 0.6588082 17.24 1545 1476 1453 1442
8 173.4230  0.6537502 1743 1640 16.03 1590 1587
9 173.4628 0.8027824 16.76 15.69 1535 1523 15.20

10 173.3373  0.7143689 17.48 1638 16.01 15.88 15.84
NOTE: for the UBV RI photometry, we transformed these magnitudes following (Jordi et al. 2006).
For JHK photometry, we used all available 2MASS point sources in the field (Skrutskie et al. 2006).




SN 2015BN: A NEARBY SLSN

Table A8:. Spectra of SN 2015bn

Date MID Phase” Instrument Grism or Grating Exposure time (s) Airmass Average resolution (A)
2015-02-17 57071.3 28 EFOSC2 Grl3 900 1.16 18
2015-02-18 57072.3 27 IMACS G300-17.5 900 1.16 6
2015-02-24 57077.6 22 WiFeS R3000,B3000 1200 1.26 2
2015-02-24 57078.3 21 SOFI BG 4800 1.19 23
2015-02-25 57079.3 20 EFOSC2 Grl1,Grl6 1800 1.21 13
2015-03-01 570832 -17 SPRAT Wasatch600 900 1.67 18
2015-03-11 57092.2 -9 SOFI BG 3240 1.16 23
2015-03-11 57092.4 -9 MMT Blue Channel 300GPM 300 1.35 6.5
2015-03-11 57093.1 -8 EFOSC2 Grl1,Grl6 1800 1.42 13
2015-03-12  57093.5 -7 WiFeS R3000,B3000 3600 1.28 2
2015-03-18 57100.3 -2 EFOSC2 Grl1,Grl6 1800 1.31 13
2015-03-24 57105.8 +3 SNIFS red+blue 1200 1.97 2
2015-03-27 57109.3 +7 EFOSC2 Grl1,Grl16 1800 1.43 13
2015-04-11 571242  +20 EFOSC2 Grl1,Grl6 2100 1.51 13
2015-04-22 571352  +30 IMACS G300-17.5 1200 1.66 6
2015-04-23 571354  +30 FLOYDS red+blue 3600 1.29 1.5
2015-04-24 57136.0  +31 IMACS G300-17.5 1200 1.25 6
2015-04-28 57140.2  +34 SOFI BG 3240 1.37 23
2015-05-07 57149.9  +43 SPRAT Wasatch600 1800 1.14 18
2015-05-09 571519  +45 SPRAT Wasatch600 1800 1.16 18
2015-05-15 571572 +50 IMACS G300-17.5 1200 1.61 6
2015-05-23 57166.8  +58 SNIFS red+blue 1200 1.28 2
2015-06-09 57182.7  +72 SNIFS red+blue 2000 1.21 2
2015-06-21 57194.7  +83 SNIFS red+blue 1800 1.36 2
2015-06-28 57201.7  +89 SNIFS red+blue 1800 1.65 2
2015-07-08 57203.8  +98 SNIFS red+blue 1600 1.77 2
2015-07-16  57219.9  +106 LDSS3 VPH-all 1800 1.72 12
2015-12-16 573724  +243 IMACS G300-17.5 900 1.37 6

“ Phase in rest-frame days relative to epoch of maximum light.



