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ABSTRACT

We present photometric and spectroscopic follow-up observations of the highly luminous Type
Ibn supernova ASASSN-14ms, which was discovered on UT 2014-12-26.61 at my ~ 16.5.
With a peak absolute V-band magnitude brighter than —20.5, a peak bolometric luminosity
of 1.7 x 10* erg s7!, and a total radiated energy of 2.1 x 10°° erg, ASASSN-14ms is one
of the most luminous Type Ibn supernovae yet discovered. In simple models, the most likely
power source for this event is a combination of the radioactive decay of **Ni and °Co at late
times and the interaction of supernova ejecta with the progenitor’s circumstellar medium at
early times, although we cannot rule out the possibility of a magnetar-powered light curve.
The presence of a dense circumstellar medium is indicated by the intermediate-width He 1
features in the spectra. The faint (i, ~ 21.6) host galaxy SDSS J130408.52+521846.4 has an
oxygen abundance below 12 + log (O/H) < 8.3, a stellar mass of M, ~ 2.6 x 108 M, and a
star formation rate of SFR ~ 0.02 Mg yr—'.

Key words: techniques: photometric—techniques: spectroscopic —supernovae: general—
supernovae: individual: ASASSN-14ms.

1 INTRODUCTION

A particularly interesting group of supernovae (SNe) are the Type
IIn and Type Ibn events. These SNe are characterized by the pres-
ence of narrow- or intermediate-width hydrogen (IIn) and helium
(Ibn) emission features in their spectra (Filippenko 1997; Pastorello
et al. 2008a). Their unusual spectra are probably due to interaction
between the SN ejecta and a relatively dense circumstellar medium
(CSM) surrounding the progenitor star. As such, they provide

* E-mail: vallely.7@osu.edu

valuable insight into the progenitor star by probing its mass-loss rate
and composition immediately prior to explosion (Schlegel 1990;
Hosseinzadeh et al. 2017).

Although there is some evidence that the historical M 31 su-
pernova SN 1885A was an SN Ibn (Pastorello et al. 2008a), the
first clear detection of narrow helium emission lines in the spec-
tra of a hydrogen-deficient (Type Ib/c) SN was reported for SN
1999¢cq by Matheson et al. (2000). In the ensuing years, a number
of additional events showing similar He 1 emission features were
discovered (SN 2000er and SN 2002ao0, Pastorello et al. 2008a;
SN 2006jc, Foley et al. 2007), and the small class of objects were
termed Type Ibn SN by Pastorello et al. (2008a). With our addition of

© 2017 The Author(s)
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ASASSN-14ms, there are now ~30 such events known (Hossein-
zadehetal. 2017; Shivvers et al. 2016; Prieto et al. 2014; Smartt et al.
2016 Gorbikov et al. 2014). There are also two examples of transi-
tional cases that show strong narrow-/intermediate-width emission
features of both hydrogen and helium (SN 20051a, Pastorello et al.
2008b; SN 2011hw, Smith et al. 2012). These transitional case
events seem to be rare even compared to the small numbers of SNe
Ibn.

The archetypal SNe Ibn is SN 2006jc, the most well-studied mem-
ber of this class of transients (Anupama et al. 2009; Hosseinzadeh
et al. 2017; Pastorello et al. 2008a, 2007). Nakano et al. (2006)
noted that SN 2006jc was spatially coincident with a weaker optical
transient which had been observed two years earlier. One potential
explanation is the explosion of a Wolf—Rayet star that had either
recently undergone a luminous blue variable (LBV) like outburst or
had a massive LBV binary companion (Pastorello et al. 2007). Such
scenarios would be consistent with the idea that the progenitors of
Type Ib/c SNe are massive stars (Mzams 2 8 M@).

Among SNe Ibn, Hosseinzadeh et al. (2017) further distinguish
between the ‘P Cygni’ and ‘emission’ subclasses based on dif-
ferences in the early spectra. Events in the P Cygni subclass are
characterized by the presence of narrow P Cygni profiles in their
spectra, while those in the emission subclass are dominated by
broader emission lines. Virtually, all known SNe Ibn fall into one of
these two subclasses, with approximately half of the total population
falling into each classification. It is currently unclear whether these
distinctions trace two different CSM configurations or a continuum
of CSM properties.

Here, we describe the discovery and follow-up observations of the
highly luminous Type Ibn SN ASASSN-14ms and present simple
physical models for its unusual light curve. In Section 2, we de-
scribe the discovery of this transient by All-Sky Automated Survey
for Supernovae (ASAS-SN), report the results of our photomet-
ric and spectroscopic follow-up observations, and also briefly dis-
cuss the spectroscopic characteristics of its faint host galaxy, SDSS
J130408.52+4-521846.4 at z = 0.0540. In Section 3, we compare the
photometric and spectroscopic observations of ASASSN-14ms to
those of other SNe Ibn. In Section 4, we briefly describe a few sim-
ple physical light-curve models and then use these models to fit the
observed light curve of ASASSN-14ms. In Section 5, we discuss
our conclusions.

2 OBSERVATIONS AND ANALYSIS

2.1 Discovery

ASASSN-14ms was discovered by the ASAS-SN ( Shappee
et al. 2014; Holoien et al. 2017) in images obtained on JD
2457018.11 (UT 2014-12-26.61) at J2000 RA 13"04™08:69 and
Dec. +52°18’46"5. These images were obtained using the quadru-
ple 14cm ASAS-SN telescope Brutus, which is deployed at the
Haleakala station of the Las Cumbres Observatory Global Telescope
Network (LCOGT; Brown et al. 2013). Its discovery was confirmed
two days later by amateur astronomer S. Kiyota using a Planewave
CDK 0.61 m telescope located at the Sierra Remote Observatory
(Kiyota et al. 2014). Photometry obtained on JD 2457018.11 gave
an apparent V-band magnitude of 16.5 mag, and the transient was
not detected in images obtained on JD 2457007.10 (UT 2014-12-
15.60) and earlier down to a limiting magnitude of V ~ 17.5 mag.
We find no evidence in archival ASAS-SN photometry for a pre-SN
outburst analogous to that observed for SN 2006jc. However, with
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ASASSN-14ms peaking at V ~ 16.5 and a survey depth of V~ 17.5,
such an outburst would have been too faint to be detected.

ASASSN-14ms is located ~171 South and ~078 East of the cen-
tre of SDSS J130408.52+521846.4. Prior to this work, no spectra of
this galaxy were publicly available. A follow-up spectrum obtained
using the Multi-Object Double Spectrographs (MODS; Pogge et al.
2010) on the Large Binocular Telescope indicates that the host
galaxy has a redshift of z = 0.0540 £ 0.0001. Adopting Hy = 69.6
and )y = 0.286 and assuming a flat universe yields a luminosity
distance of 242 Mpc (Wright 2006). The host galaxy spectrum is
discussed in greater detail in Section 2.4.

2.2 Photometry

Photometric observations were obtained over the course of 110d
following the discovery of ASASSN-14ms. The SN remained bright
enough to be detected in ASAS-SN images for nearly a month
after discovery. ASAS-SN images are processed in an automated
pipeline using the 1sis image subtraction package (Alard & Lupton
1998; Alard 2000). Using the IRAF AppHOT package, we performed
aperture photometry on the subtracted images and then calibrated
the results using the AAVSO Photometric All-Sky Survey (APASS;
Henden et al. 2015).

We obtained g-band images using the 1m Las Cumbres Obser-
vatory telescope deployed at McDonald Observatory, and V-band
images from a 0.25 m telescope at the Antelope Hills Observatory
operated by R.A. Koff. Most of the post-maximum photometry was
obtained using the 2 m Liverpool Telescope (LT; Steele et al. 2004)
at the Observatorio del Roque de los Muchachos, which provided
griz observations spanning nearly 80d. All images were reduced
after bias/dark-frame and flat-field corrections. We extract the pho-
tometry using the IRAF AppHOT package, and the photometric cali-
brations are performed using APASS for V band and the first data
release of Panoramic Survey Telescope and Rapid Response System
( Flewelling et al. 2016) for Sloan Digital Sky Survey (SDSS) g, r, i
and z bands. In order to correct for the host galaxy contribution, we
performed image subtraction on the LT observations using images
of the host obtained long after the SN faded (2017 April). We note
that for the last three epochs of photometric observations the SN is
several magnitudes dimmer than the host, making the photometry
somewhat suspect.

We also obtained images in the U, B, V, UVW1, UVW2 and UVM?2
bands with Swift’s Ultraviolet Optical Telescope (UVOT; Roming
et al. 2005). The Swift/UVOT photometry is extracted using a 570
aperture and a sky annulus with an inner radius of 15”0 and an outer
radius of 30”0 with the UvOTSOURCE task in the HEASOFT package.
The Swift/UVOT photometry is calibrated in the Vega magnitude
system based on Breeveld et al. (2011). We note that typical off-
sets between the Swift V-band and Johnson V-band photometries
are small (~0.05 mag; Godoy-Rivera et al. 2017), and we add a
conservative estimate of the uncertainty introduced by the offset of
0.075 mag in quadrature to the measured photometric uncertainty.
The ground-based photometry obtained for ASASSN-14ms is re-
ported in Table 1, and the Swift photometry is reported in Table 2.
The complete set of photometry is presented in Fig. 1.

With a peak absolute V-band magnitude of —20.5 £ 0.1 mag,
ASASSN-14ms is consistent with being the most luminous SNe
Ibn yet discovered. The only other events to attain compara-
bly high peak absolute V-band magnitudes are SN 2015U (PSN
J072853874-3349106) and iPTF15ul, at approximately —20.3 mag
(Pastorello et al. 2015d; Tsvetkov, Volkov & Pavlyuk 2015)
and —20.8 mag (Hosseinzadeh et al. 2017), respectively. Within
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Table 1. Ground-based photometric observations.

D Telescope 14 g r i z
2457018.1 ASAS-SN: 14cm 16.86 £ 0.14 - - - -
2457019.1 ASAS-SN: 14cm 16.64 +0.11 - - - -
2457020.906 LCOGT: Im - 16.471 £+ 0.059 - - -
2457020.911 LCOGT: Im - 16.460 £ 0.059 - - -
2457031.1 ASAS-SN: 14cm 16.92 +£0.32 - - - -
2457032.1 ASAS-SN: 14cm 1691 £+ 0.25 - - - -
2457035.1 ASAS-SN: 14cm 17.00 £ 0.18 - - - -
2457036.1 ASAS-SN: 14cm 17.16 +0.22 - - - -
2457038.1 ASAS-SN: 14cm 16.80 £ 0.15 - - - -
2457039.6 LT: 2m - 17.15 4+ 0.063 17.17 £+ 0.066 17.39 + 0.053 17.50 & 0.065
2457040.0 AHO: 25cm 17.181 4 0.065 - - - -
2457041.0 ASAS-SN: 14cm 17.20 £ 0.19 - - - -
2457042.6 LT: 2m - 17.42 £ 0.083 17.35 £0.16 17.64 £0.13 17.64 & 0.085
2457044.0 ASAS-SN: 14cm 16.84 +0.17 - - - -
2457045.6 LT: 2m - 17.73 £ 0.098 17.58 £0.16 17.79 £0.13 17.72 £0.11
This table is available in its entirety in machine-readable format in the online version of the paper.
Table 2. Swift UVOT photometric observations.
D % B U UVW1 UVM2 Uvw2
2457023.0 16.328 £ 0.078 16.273 £ 0.048 14.943 £ 0.042 14.561 £ 0.045 14.418 £+ 0.052 14.606 + 0.042
2457023.1 16.380 & 0.079 16.240 £ 0.047 14.906 £ 0.042 14.586 £ 0.045 14.457 4 0.043 14.606 £ 0.042
2457025.1 16.396 £ 0.055 16.289 £ 0.039 14.956 £ 0.037 14.751 £ 0.042 14.708 £ 0.045 14.935 4 0.040
This table is available in machine-readable format in the online version of the paper.
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Figure 1. The complete photometry of ASASSN-14ms with the marker shapes and colours indicating the filter. Error bars are shown for all points, but can be
smaller than the symbol used to represent the data. The two arrows show 3o V-band non-detection upper limits from ASAS-SN, and the green curve shows the

rising-phase expanding fireball fit discussed briefly in Section 2.2.

published uncertainties, the peak V-band magnitudes of all three
events are consistent with one another, and significant uncertainties
associated with estimating the host galaxy extinction for SN 2015U
and iPTF15ul make it difficult to confidently determine which event
is truly the most luminous at peak.

Downl oaded ml%ﬁ§s47lséc%§é#32§lﬁl4c@9;§r)as/ article-abstract/ 475/ 2/ 2344/ 4772885

by Liverpool John Moores University user
on 11 April 2018

ASASSN-14ms was detected relatively close to maximum light.
As aresult, the rise of the light curve is poorly characterized. Never-
theless, we can fit a simple expanding fireball model to this limited
data to estimate the explosion date. The key assumption of the ex-
panding fireball model is that the luminosity of the SN should scale



asf=a x (t — ty)* (Riess et al. 1999; Nugent et al. 2011). We fit
this functional form to the V-band fluxes and obtained an estimated
explosion date of JD 2456998.0 (UT 2014-12-06.5). However, since
this fit uses only a handful of points near the end of the rising phase
it is unclear how accurate this value is.

To estimate the date of maximum light, we calculated an
uncertainty-weighted fit to the combined set of near-peak V-band
observations using a third-degree polynomial. This interpolation
yields JD 2457025.7 £ 0.5 (UT 2015-01-03) for the epoch of
maximum light and a maximum apparent V-band magnitude of
16.4. We will reference our spectroscopic observations to this
date.

We estimate bolometric luminosities using a Markov Chain
Monte Carlo routine to fit a blackbody curve to the observed spec-
tral energy distribution (SED). We first fit the dates with sufficient
filter coverage (i.e. dates with Swift and LT observations) to produce
well-constrained temperature estimates. We then built a temperature
prior by fitting a fifth-degree polynomial to these constrained tem-
perature estimates. For photometry obtained within the range of the
Swift and LT observations, we simply take this polynomial interpo-
lation to be the temperature prior. For the handful of pre-maximum
V-band observations without multifilter coverage, we use a con-
stant temperature prior equal to the 17 300 K value determined for
the earliest date Swift observations in order to avoid extrapolation.
The temperature prior is applied when fitting dates for which we
have observations in less than four filters.

All photometry was corrected for a Galactic foreground extinc-
tion of E(B — V) = 0.01 mag (Schlafly & Finkbeiner 2011) before
being fit. The UV colours of the transient are relatively blue and
we see no evidence of Na ID absorption in the spectra, so we
make no additional correction for extinction in the host galaxy.
The resulting bolometric light curve is shown with 1o error esti-
mates in Fig. 2. Uncertainties are shown for all points, although
for many of the Swift and LT dates, the symbols used to plot
the data are larger than the uncertainties. The bolometric light
curve of ASASSN-14ms is compared to those of other SNe Ibn in
Section 3.

We can integrate the bolometric luminosity over time in the
SN rest frame to estimate that the total radiated energy is
(2.1 £0.3) x 10 erg. This is a lower limit since it does not include
emission outside the time span of our observations. In Section 4,
we discuss refinements to this estimate based on our semi-analytic
physical models.

2.3 Spectroscopy

We obtained six optical spectra of ASASSN-14ms, all after maxi-
mum light, along with an optical spectrum of the host galaxy SDSS
J130408.524+521846.4. The first three spectra were obtained at
phases of +7, +11, and +12 d relative to the V-band peak using the
Fast Spectrograph on the (1.5m) Tillinghast Telescope (FAST; Fab-
ricant et al. 1998; Tokarz & Roll 1997) located at the Fred Lawrence
Whipple Observatory (FLWO). Two spectra were obtained using the
MODS mounted on the 8.4 m Large Binocular Telescope (Pogge
et al. 2010) at phases of +18 and +44 d. The sixth spectrum was
obtained at a phase of +39d using The Ohio State Multi-Object
Spectrograph (OSMOS) mounted on the 2.4 m Hiltner Telescope
at the MDM Observatory (Martini et al. 2011). Finally, a spectrum
of the host galaxy was obtained using MODS long after the SN
had faded. This spectrum is discussed further in Section 2.4. These
spectroscopic observations are summarized in Table 3.
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Figure 2. The bolometric light curve (top) and temperature evolution (bot-
tom) of ASASSN-14ms. Errors are shown for all points, but can be smaller
than the symbol used to represent the data. Red symbols indicate data used
to build the temperature prior. The temperature prior used to calculate the
bolometric light curve is shown in the lower panel. The bolometric light
curve (including luminosity, temperature, and radius values) is available in
the online version of the paper.

The MODS spectra (including that of the host galaxy) were re-
duced with a combination of the MopsccprED! PYTHON package and
the mopsIDL pipeline.”? We performed aperture photometry on the
r’-band acquistion image to place the spectroscopic flux measure-
ments on an absolute scale. In order to reduce the FLWO and MDM
spectra we used standard techniques in IRAF to reduce the 2D images
and to extract and calibrate the 1D spectra in wavelength and flux.
The Supernova Identification code (SNID; Tonry & Davis 1979;
Blondin & Tonry 2007), classifies all six of the ASASSN-14ms
spectra as either Type Ib or Type Ic SNe. Since SNID does not
include the Type Ibn subclassification this result is consistent with
an SN Ibn classification because, aside from their helium emission
features, SNe Ibn spectra broadly resemble those of SNe Ib/c.

The six spectra are shown in Fig. 3 along with coloured vertical
lines marking the location of relevant O1, Mgn, Cai, He1, and H
Balmer lines. There is strong evidence for the presence of He1 lines
(the red vertical lines in Fig. 3) in all of the spectra. We see five
He1lines in the +7, +11, and +12 d FAST spectra (at 3889, 4471,
5016, 5876, and 6678 A). In the noisier +-39 d OSMOS spectrum,

! http://www.astronomy.ohio-state.edu/MODS/Software/modsCCDRed/
2 http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
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Table 3. ASASSN-14ms spectroscopic observations.

ID Phase (d) Telescope Instrument Exposure (s) Wavelength coverage Resolution
2457033.0 +7 FLWO-1.5m FAST 3600 3480-7420 A ~3 A
2457037.0 +11 FLWO-1.5m FAST 1800 3480-7420 A ~3 A
2457038.0 +12 FLWO-1.5m FAST 1800 3480-7420 A ~3 A
2457043.9 +18 LBT-8.4m MODS 1800 3400-10000 A ~3 A
2457065.0 +39 MDM-2.4m 0SMOS 4800 3980-6860 A ~4 A
2457069.8 +44 LBT-8.4m MODS 2700 3400-10000 A ~3 A
2457901.7° +876 LBT-8.4m MODS 7200 3000-9500 A ~3 A

“Spectrum of the host galaxy, obtained long after ASASSN-14ms had faded.
Note that phase is calculated relative to the inferred maximum light date of JD 2457025.7.

0.005

— The greater wavelength coverage of the two MODS spectra al-
-~ Hellines lows us to identify several ions not detected in the FAST and OS-

| =~ (B)aIITer Lines MOS spectra, namely Ca, O1, and Mg 11. The strength of the emis-
. ines

Ma Il Lines sion lines for these three ions is stronger in the +44d spectrum
d than in the 418 d spectrum. In both MODS spectra, we see strong

- Call Triplet

emission from the near-infrared Ca triplet, as well as from the O 1
! : i 1 7774 A triplet. There are also emission signatures from the Mg 1

+7 FAS 7877 and 7896 A lines, although these are not as distinct. Confident

' : 3 identification of Mg 11 is complicated by the presence of strong He 1

: 4471 A features, which mask the presence of the Mg 4481 A fea-

+11FAST s tures. Can, O1, and Mg 11 features were also identified in the spectra

i : W of SN 2006jc (Foley et al. 2007; Anupama et al. 2009), making their
: F ] detection here unsurprising.

The inferred photospheric expansion velocity, estimated by mea-
suring the absorption minimum of P-Cygni profiles in the spectra,
increases with time. From several of the strong He 1 features (4471,
5016, 5876, and 6678 A), we find that the three FAST spectra
(phases +7, +11, and 412 d) exhibit comparable expansion veloc-
ities of approximately 12001600 km s~!. In the phase +18 d spec-
trum, we estimate the expansion velocity from the He1 4471 and
5876 A features and find that it has increased to 2000-2300km s ™.
For the +39d OSMOS spectrum, we are limited to measuring the
He1 5876 A feature, but the 37004000 kms~! velocity estimate
we obtain is consistent with that measured for the +44d MODS
spectrum using the O 17774, Cau 8498, and He1 5876 A features.
This increasing expansion velocity is likely the result of the SN
ejecta shocking and accelerating the surrounding CSM.

0.003}
+12 FAST

0.002¢

Scaled F, + Offset

'+44 MODS
0.001f : -

Host

0.000¢

L

4000 5000 6000 7000 8000 9000

Rest Wavelength (A) In order to constrain the properties of the host galaxy SDSS
J130408.52+4-521846.4, we performed a search of archival data
bases. We retrieved the archival ugriz model magnitudes from the
Twelfth Data Release of the SDSS ( Alam et al. 2015). The host

2.4 Host galaxy SDSS J130408.52+521846.4

Figure 3. Rest-frame spectra of ASASSN-14ms and the spectrum of SDSS
J130408.52+-521846.4. No correction is applied for extinction. The loca-
tions of various atomic transitions are shown using the vertical dashed lines,

and the spectra are labelled according to their phase relative to the V-band was also detected in the NUV filter by the Gal.axy Evglu?ion Ex-
peak. The spectra have been modestly smoothed. Note the consistent pres- plorer (GALEX; Martin et al. 2005). The host is not significantly
ence of He 1 emission features throughout the spectra. spatially extended on the sky, so there is no worry that the cata-

logued magnitudes sample drastically different spatial scales. The
host is too faint to be detected in the 2MASS or WISE surveys, and

we see only the He1 5876 A feature clearly. In the 418 and +44d there are no archival Spitzer, Herschel, Hubble Space Telescope,
MODS spectra, we again see the 4922, 5876, 6678, and 7065 AHer Chandra, or X-ray Multi-Mirror Mission (XMM—Newton) observa-
lines, but the 3889 A feature can no longer be clearly detected. The tions of the host galaxy. There are also no associated radio sources
full width at half-maximum (FWHM) of the He 1 emission features in the FIRST (Becker, White & Helfand 1995) or NVSS (Condon
all lie within the range ~1000-2000kms~!, which is consistent et al. 1998) catalogues.

with the narrow-/intermediate-width He 1 features identified in other We modelled the SDSS+GALEX host galaxy SED with the Fit-
SNe Ibn. Only weak He signatures are seen in the spectra. This ting and Assessment of Synthetic Templates (FAST; Kriek et al.
is consistent with the spectra of other SNe Ibn, as we discuss in 2009) code. We adopted a Cardelli, Clayton & Mathis (1989) extinc-
Section 3. tion law with Ry = 3.1 and a Galactic extinction of Ay = 0.031 mag
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(Schlafly & Finkbeiner 2011), an exponentially declining star for-
mation history, a Salpeter initial mass function, and the Bruzual &
Charlot (2003) stellar population models. We obtained a reasonable
fit ( sz = 0.42) which yielded estimates of the stellar mass and star
formation rates (SFRs) of M, = (2.61’?:2) x 108 Mg and SFR ~
0.02 Mg yr'.

We also obtained a late-time LBT MODS spectrum long after the
transient had faded (at phase +876 d) in order to assess the spectro-
scopic properties of the host. The spectrum is continuum dominated,
and shows only weak nebular emission features. However, we are
able to cleanly detect the Ho emission line (EW ~ 14.8A). We
determine the redshift of the host to be z = 0.0540 + 0.0001, corre-
sponding to a luminosity distance of 242 Mpc. The Ho luminosity
(Lo ~ 3.3 x 10° L) corresponds to an SFR of ~9.8 x 1073
M@ yr~' (Kennicutt 1998). There is a marginal detection of the
N1 26583 line, which we use to place an approximate upper limit
on the metallicity of the host galaxy. The line ratio is constrained
to be N1 A6583/Ha < 0.075, corresponding to an upper limit on
the oxygen abundance of 12 + log (O/H) < 8.3 (Pettini & Pagel
2004). This places SDSS J130408.524-521846.4 near the lower end
of the 12 + log (O/H) dex distribution for SNe Ibn host galaxies
(Pastorello et al. 2015b; Taddia et al. 2015).

3 COMPARISON TO OTHER TYPE IBN
SUPERNOVAE

We compare spectra of ASASSN-14ms to those of other SNe Ibn in
Fig. 4. Here, the spectra are corrected for Galactic extinction using
the extinction coefficient data from the Schlafly & Finkbeiner (2011)
recalibration of the Schlegel, Finkbeiner & Davis (1998) dust map.
The top panel shows early-phase spectra obtained approximately
one week after maximum light, and the bottom panel shows later
phase spectra obtained roughly 40 d after maximum light. The
three other SNe Ibn presented in the early-phase comparison panel
are SN 2006jc (Anupama et al. 2009), iPTF14aki (Hosseinzadeh
et al. 2017), and SN 2000er (Pastorello et al. 2008a). The late
phase comparison panel adds SN 2006jc (Anupama et al. 2009),
SN 2002a0 (Foley et al. 2007), SN 2010al (Pastorello et al. 2015a),
and SN 2015G (Hosseinzadeh et al. 2017).

There is a good deal of spectral diversity in the Ibn class at
early times (Hosseinzadeh et al. 2017), and ASASSN-14ms does
not seem to be an exception. The presence of He1 P Cygni profiles
in its spectrum and the ~1300kms~' FWHM of their emission
components places ASASSN-14ms in the P Cygni subclass of SNe
Ibn, like SN 2000er, but its continuum shape seems to more closely
resemble that of SN 2006jc and iPTF14aki, both of which are in the
emission subclass. At late times, however, ASASSN-14ms gener-
ally resembles other SNe Ibn. At this phase, the P Cygni absorption
components of events in the P Cygni subclass have weakened, and
the continuum slopes have all flattened considerably. Strong emis-
sion from the Ca triplet (the blue vertical lines in Fig. 4) as well
as moderate strength O 1 and Mg 11 emission features (the cyan and
brown vertical lines in Fig. 4, respectively) are also general features
of late-time SNe Ibn spectra, and ASASSN-14ms exhibits them as
well. The similarity of ASASSN-14ms to SN 2006jc and SN2002ao
at this phase is particularly strong, including the development of a
narrow H o emission line. Thus, from a spectroscopic standpoint,
ASASSN-14ms is not a particularly striking outlier among SNe Ibn.
It is a little unusual in the early phases when the class is broadly
spectroscopically heterogeneous, and it is fairly normal in the later
phases when the class becomes broadly spectroscopically homoge-
neous.
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Figure 4. The upper panel shows an early (47 d) spectrum of ASASSN-
14ms compared to other Type Ibn SNe at a similarly early phase. Note that
phase is defined relative to the observed date of maximum light. The lower
panel shows a late (+44d) spectrum of ASASSN-14ms as compared to
other Type Ibn SNe at similar phases. Spectra for all SNe are corrected for
Galactic extinction.

Its light curve, however, is notably different. The bolometric light
curve of ASASSN-14ms is shown in Fig. 5 as compared to a repre-
sentative sample of SNe Ibn with publicly available bolometric light
curves. The four other individual events are OGLE-2012-SN-006
(Pastorello et al. 2015e), ASASSN-15ed (Pastorello et al. 2015¢),
SN 2010al (Moriya & Maeda 2016), and SN 2006jc (Pastorello
et al. 2008a). We also include the Type Ibn light-curve template
from Hosseinzadeh et al. (2017). The range of this template encom-
passes ~95 per cent of the photometric points used in their sample
of 22 SNe Ibn and provides a good representation of typical SNe
Ibn bolometric light-curve properties.

The ASASSN-14ms light curve is notably broader than other
SNe Ibn. This is indicative of a longer diffusion time-scale and a
considerably higher total radiated energy. Unlike OGLE-2012-SN-
006, another unusually luminous member of this class, ASASSN-
14ms does not exhibit an abnormally slow late-time decline and
decays at a rate typical of other SNe Ibn. What makes ASASSN-
14ms particularly unusual within the SNe Ibn class is its extreme
luminosity.

The stark contrast in luminosity is clearly illustrated in Fig. 5.
OGLE-2012-SN-006 and ASASSN-15ed are considered to be
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Figure 5. The rest-frame bolometric light curves of several Type Ibn SNe
along with the Type Ibn template of Hosseinzadeh et al. (2017). Note the
unusually high luminosity of ASASSN-14ms.

examples of unusually luminous SNe Ibn, and yet the peak lu-
minosities for both lie within the upper limit of the Ibn template
of Hosseinzadeh et al. (2017). The peak luminosity of ASASSN-
14ms, on the other hand, is a factor of ~6 above this upper limit,
and the light curve remains a factor of ~3 brighter than the template
upper limit even at 70 d after maximum light. In terms of luminosity,
ASASSN-14ms is a clear outlier among SNe Ibn.

A likely explanation is that ASASSN-14ms is hotter than other
SNe Ibn. At comparable phases (~12 d), SN 2006jc and SN 2010al
have U — B colour indices of —0.7 and —0.8, respectively (Pas-
torello et al. 2008b; Moriya & Maeda 2016). Although we do not
have Swift observations of that epoch for ASASSN-14ms, making
the comparison imperfect, its near-maximum U — B colour index
is —1.3, indicating that it is considerably hotter than these events.
Furthermore, we have g- and r-band observations for ASASSN-
14ms obtained at phases (~15 d) comparable to those obtained
for ASASSN-15ed by Pastorello et al. (2015¢c). At this epoch,
ASASSN-14ms and ASASSN-15ed have g — r colour indices of
—0.03 and 0.3, respectively, which is also consistent with ASASSN-
14ms being hotter than other SNe Ibn.

4 PHYSICAL LIGHT CURVE MODELS

Semi-analytic models have proven to be a useful tool for analysing
SN light curves. In this section, we compare several of these phys-
ically motivated models to ASASSN-14ms in order to probe the
physics of the explosion and better understand its unusual light
curve. These relatively simple models allow us to make reasonable
estimates for the explosion parameters in a variety of potential light
curve powering scenarios, and provide a basis for estimating the
likelihood of each scenario. We consider three distinct powering
sources: the radioactive decay of *°Ni produced during the initial
explosion, the deposition of energy into the ejecta by magnetar spin-
down, and the interaction of ejecta with circumstellar material. We
also consider model light curves that implement combinations of
these power sources. All models are fit in the rest frame of the SN,
and we exclude the final three epochs of data from our analysis
because the SN is only marginally detected in the host-subtracted
photometry.

We present the functional forms of the semi-analytic models we
use in the following subsections. These brief descriptions are not

intended to constitute a thorough review of light-curve modelling
techniques, nor are they intended to constitute derivations of the
models. Rather, we present these forms to facilitate replication of
our results and the implementation of similar analyses in the future.
For an in-depth review of the derivations and physical assumptions
of these models, please see the citations therein.

We also emphasize that we do not perform a rigorous exploration
of the entire parameter space associated with these models, nor do
we explore the entire range of potential power sources or power
source combinations. For instance, we consider only the combina-
tion of CSM interaction and radioactive decay. In principle, any
combination of these power sources could contribute to the ob-
served light curve. The aim is only to explore physically plausible
scenarios to identify parameter combinations that can explain the
unusual light curve of ASASSN-14ms.

4.1 Radioactive decay model

Semi-analytic modelling techniques for the powering of SN light
curves by the radioactive decay of °Ni and **Co have been in
use for some time (Arnett 1982). Here, we implement a slightly
modified form of the equations presented by Cano (2013) where we
account for possible gamma-ray leakage with the addition of a (1 —
e ! 72) factor. This factor is related to the gamma-ray optical depth
and opacity of the ejecta via the expression 7, = k, pR = A,
(Chatzopoulos et al. 2013). Larger values of A,, correspond to less
gamma-ray leakage. We briefly consider radioactive decay models
with complete gamma-ray trapping, but we find that such models
are far more luminous (by a factor of ~30) at late times than the
observed light curve and do not consider them further.
The luminosity of the model is determined by

M 1/2
T =ﬁ<'{ ej) , (1)
ﬂC vej
X =1t/Tm, Y = Tn/Q2Ni), § = Tm/(2Tc0)s 2
A(z) = 2z¢72*% | B(z) = 2z¢ 7, "and 3)

Lrp(t) = Mye ™ <(5Ni — €co) / A(z)dz + €co / B(z)dz>
0 0
X (1 _ e*AV(XTm)’Z)’ 4)

where  ~ 13.8 is a constant of integration (Arnett 1982), c is
the speed of light, M,; is the ejecta mass, « is the opacity of the
ejecta, v, is the ejecta velocity and 7., is the effective diffusion
time. The decay times of 3°Ni and **Co are Ty; = 8.77d and ¢,
= 111.3 d (Taubenberger et al. 2006; Martin 1987), and the rates of
energy release for %Ni and °Co are en; = 3.90 x 101 erg s~! g~!
and €c, = 6.78 x 10° erg s~! g~! (Sutherland & Wheeler 1984;
Cappellaro et al. 1997). Like Cano (2013) and Karamehmetoglu
et al. (2017), we adopt an opacity of ¥ = 0.07 cm? g~!, which is
a reasonable value for electron scattering in hydrogen-free ejecta
(Chugai 2000; Chevalier 1992).

We also include a time offset parameter to account for the un-
certainty in our explosion date estimates from Section 2.2. Since
we cannot measure the ejecta velocity directly in our observed
spectra due to the presence of the CSM, we adopt a value of
Vej = 7000 km s~!, consistent with observations of ASASSN-15ed
(Pastorello et al. 2015¢). By assuming this value for v.j, we reduce
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Figure 6. The bolometric light curve of ASASSN-14ms compared with
several physical models. The grey curve is a model powered solely by the
radioactive decay of *°Ni and *°Co. The blue curve is a model powered
solely by the spin-down of a magnetar. The grey curve is a model powered
by a combination of CSM interaction, which dominates at early times, and
radioactive decay, which dominates at late times. Note that the radioactive
decay model requires the unphysical condition that Mx; > Mej. The other
two models utilize physically plausible parameters. Note that, while all
models are fit in the rest frame of the SN, they are presented here in the
observed frame. The fits did not include the last three epochs because of
uncertainties in correcting for the flux of the host galaxy.

the complexity of this model to four fitting parameters: M., My;,
A, and the explosion date. A best fit is then obtained by calculating
a grid of models in this 4D parameter space and finding the model
with the lowest x? value.

The result is shown by the grey curve in Fig. 6. The phys-
ical parameters are M, = 0.85Mgp, Mn; = 25.7Mg, and
A, =1.66 x 10'2 s2. The inferred explosion date of JD 2457015.3
agrees poorly with our crude estimate of JD 2456998.0 in
Section 2.2. Of the physical models we explored, this pure radioac-
tive decay model produces the worst fit. Furthermore, the only way
this model can reproduce the observed high peak luminosity is with
My; > M., an unphysical condition. We also considered opacities
up to 0.2cm? g~! and values of ve; up to 20000kms~! but find
that such models still cannot produce good fits with physically rea-
sonable parameters. Thus, although we know that some *°Ni must
have been produced in the SN explosion, its radioactive decay can
be confidently ruled out as the primary power source for the light
curve.

4.2 Magnetar spin-down model

In this work, we implement the magnetar spin-down model of In-
serra et al. (2013). We use simplified forms of the equations therein
that have been informed by those presented by Chatzopoulos et al.
(2013). Under the simplifying assumption of uniform ejecta density
Ey =3M,; vezj/IO, where Ey is the SN’s kinetic energy, M,; is the
ejecta mass, and v is the ejecta velocity. The luminosity of the
model is then described by

12
K _ - _
rm=<6/s>”4<ﬂc> MUV E vt = 4782 P2, )

X =1/Tm,”y = Tn/7p, "and (6)

ASASSN-14ms 2351

Latg(t) = (4‘9 x 1046~erg~s*1>312410,];%**2

T 2ze”
———dz |. 7
X(/o (14 yz2)? Z> @

The variables 7,,, 8, and « are the same as in the radioactive decay
model, and we again adopt k = 0.07cm? g~'. The magnetar is
described by its characteristic spin-down time-scale, 7, the strength
of its magnetic field, B}4, in units of 10" G, and its initial rotational
period, P, in units of ms. We again include an explosion date
offset parameter in our implementation of this model.

While the model fits improve with shorter initial rotation periods,
we choose to limit our models to P,,; = 1.0 ms, in order to be con-
sistent with the theoretical limits on magnetar periods calculated by
Metzger et al. (2015). For this model, we fit v; as a fitting parame-
ter with values constrained to be between 5000 and 20 000 km s,
leading to a model with four fitting parameters: M., v.j, B4, and
the explosion date. We again calculate a grid of models in this 4D
parameter space and obtain a best fit by selecting the model with
the lowest x? value.

The result for this model is shown by the blue curve in Fig. 6.
The physical parameters are M,; = 3.29 M), vj = 14000km s!,
B =172 x 10'* G, and the imposed P = 1.0 ms value. The model
reproduces the observed light curve fairly well, and unlike the pure
radioactive decay model, none of the parameters are obviously un-
physical.

Although this model produces a fit in reasonable agreement
with the observed light curve, there is little other evidence to sup-
port the hypothesis that ASASSN-14ms is powered by a magne-
tar. Additionally, the inferred explosion date of JD 2457017.9 is
in poor agreement with our crude estimate of JD 2456998.0 in
Section 2.2. Furthermore, although it is not completely unphys-
ical, a 1 ms initial spin period approaches theoretical limits, and
models with considerably slower initial rotation do not match the
bolometric light curve as well. As such, while we cannot rule out
this model, we will focus instead on considering the contribution
of CSM interaction, for which we have compelling spectroscopic
evidence.

4.3 Circumstellar material interaction model

We use the CSM-interaction model of Chatzopoulos, Wheeler &
Vinko (2012) and Chatzopoulos et al. (2013), which is based on
the work of Chevalier (1982) and Chevalier & Fransson (1994).
This particular formulation is a hybrid model combining radioactive
decay plus circumstellar interactions (hence the two integrals in the
expression for Lcsy below), but it can trivially be reduced to a
purely CSM-interaction model by setting My; = 0.

This model utilizes a CSM density profile of the form
pcsm = qr~*. The exponent s of the power law is commonly set
either to 0 (constant density CSM) or 2 (steady-wind CSM). The
scaling factor ¢ is defined by ¢ = pcsm.1 R;, where R, is the ra-
dius of the progenitor star and pcsym, 1 1S the density of the CSM
immediately beyond this stellar radius.

This model assigns a double power-law density profile to the SN
ejecta of the form psy = g"l"’*3 r~". The power-law exponent of the
steeper outer component of the SN ejecta is given by n (with values
of 6—14 being typical, as used by Chevalier 1982), while that of the
inner component is given by § (and is typically set to either O or 2).
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The scaling factor g", the total radius of the CSM, Rcsum, and the
fixed photospheric radius of the CSM, R, are given by

1 (25— 8)(n — 5)Esy)" V2

n

- , 8
8 T 4 —n) (G—0)n-— 3)My) 5" (3)
M 33— N\ 1/G-s)
Resm = (% + Rsﬂ) , "and )
1/(1=s)
21—-5) .
Ron = (— TR Résm> : (10)

Here, Esn denotes the total SN energy, Mcswm is the mass of cir-
cumstellar material, and M,; is the ejecta mass. The values of the
constants A (which differs from the gamma-ray leakage parameter
A,), Br, and Br are dependent on the values of n and s and can
be found in table 1 of Chevalier (1982), where 8r = R;/R. and
Br = Ry/R.. We adopt the assumptions used by Karamehmetoglu
et al. (2017) when modelling the SN Ibn OGLE-2014-SN-131 and
take s = 0 and n = 12. The values of A, B, and B are then A =0.19,
Br=1.121, and r = 0.974.
The luminosity of this model is then set by

F(t)= g g (n =3 — BT AT (1), (11)
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The first integral in this expression corresponds to the pure radioac-
tive decay model described in Section 4.1 as Lgp(?), including the
gamma-ray leakage term. The time of initial interaction between the
CSM and the SN ejecta is t; = R, /vsn, where the characteristic ve-
locity of the SN ejecta is vgy = [10(n — 5)Esn/(3(n — 3)M;)] 12 /x0.
Here, x; is the dimensionless radius where the SN ejecta density
profile transitions from the inner profile (§ = 2) to the outer profile
(n = 12), and we use xo = 0.7. O(tgs. go — ¢') and O(tgs, . — ') are
Heaviside theta functions, and #ps . and fgs . are the forward and
reverse shock termination time-scales, respectively. We adopt the
assumption of Chatzopoulos et al. (2012) that #gs o can be rea-
sonably approximated by #rs, . when the optically thick component
of the CSM mass (Mcsm. m) is used in the calculation. The shock
termination times are then given by

47t !
Mcsm,m = % (R;[S - Rsf”), (14)
n—s

= 15

§ n—-3)3—-ys) (1)
3 &
—S 3 5=3 ~
Irs,BO ™ IFs « = FC] = (Ag")ms M(E?SM.th’ and (16)
F

o USN ( B =M, > G-m) | a7
RS,* = 'BR(Agn/q)l/(n—s) 4nv;§ngn

As in the other models, B ~ 13.8 is a constant of integration from
Arnett (1982), c is the speed of light, and « is the opacity. We adopt
the assumption of Karamehmetoglu et al. (2017) that the opacity is
0.20cm? g~'. The diffusion time-scale expressions used in the pure
radioactive decay and magnetar spin-down models are valid only
for the SN ejecta. In this model, we adopt more general expressions,
necessary for considering diffusion through the CSM. The diffusion
time-scale through the optically thick component of the CSM, and
that through the sum of the ejecta mass and the optically thick CSM
are given by

Kk Mcsm, i , K(Mej + Mcsm,m)
=——andt) = ———

BeRpn B Be Ry

respectively. This model is considerably more complex than the oth-
ers. As such, we do not attempt to calculate a true best fit and instead
simply present an optimized manual fit. We varied the numerous
model parameters until we obtained a fit that reproduces the ob-
served light curve reasonably well with physically justifiable input
parameters. Excluding the three density profile exponents, there are
seven fitting parameters: M, Mcsm, Mni» Ay, Esn, pcswm, 1, and the
explosion date. We generate a grid of models in this 7D parameter
space around the values used to produce the initial manual fit and
then select the model with the lowest x 2 value.

This fit is shown by the grey curve in Fig. 6. The in-
ferred explosion date of JD 2457008.5 is significantly ear-
lier than those of the other two models and better approxi-
mates our crude estimate of JD 2456998.0 in Section 2.2. The
physical parameters are M, = 4.28 M, Mcsm = 0.51 Mg,
Myi = 0.23M@, A, = 1.97 x 101§, Esy = 8.75 x 10° erg,
and pcsy. 1 = 3.18 x 107!% gem™>. Such a large My; would be
unusual for an SN with Egy < 10°' erg, but it is not dramati-
cally unphysical. We note that the photospheric radius of this fit
(~10" cm) is consistent with the early-phase radius estimates from
our bolometric light curve (out to ~40 d beyond maximum light)
and is broadly comparable to Ry, values found using this physical
model to fit other highly luminous SNe (Chatzopoulos et al. 2013).

This model is able to reproduce the observed light curve ex-
tremely well across all epochs, although this may not be surprising
given the number of fitting parameters. Still, the considerable spec-
tral evidence for CSM interaction provides ample justification for
its use. Considering both the spectral evidence and the quality fit of
this physically reasonable model, we conclude that the light curve
of ASASSN-14ms can be plausibly explained by a combination of
CSM interaction (which dominates at early times) and radioactive
decay (which dominates at late times).

Since this model reproduces the observed light curve well, we
used it to make an estimate of the total radiated energy. Inte-
grating this model over the rest-frame time period for which we
have photometric observations yields a total radiated energy of
2.41 x 10° erg, which is slightly larger than our more direct esti-
mate of (2.1 & 0.3) x 10°° erg. We can then expand this integral to
calculate the total energy radiated from the time of initial explosion
to 500d later (when the SN has faded to a negligible luminosity).
Doing so, we obtain 2.66 x 10°° erg.

to , (18)

5 DISCUSSION AND CONCLUSIONS

We discuss the discovery of the highly luminous type Ibn SN
ASASSN-14ms and present follow-up observations spanning over
100 d. This includes optical and UV photometry as well as six
epochs of spectroscopy. We have also presented a spectrum of the
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host galaxy SDSS J130408.52+521846.4, which previously had no
publicly available spectroscopic observations.

Spectroscopically, ASASSN-14ms is a broadly normal member
of the Type Ibn SN class. Its spectral features differ slightly from
those of other SNe Ibn at early times, but the class as a whole is fairly
heterogeneous at this stage. By late times, ASASSN-14ms settles
into the typical spectroscopic behaviour of an SN Ibn. However, its
light curve is broader and considerably more luminous than that of a
typical SNe Ibn, prompting us to investigate potential explanations
for this peculiar feature.

After fitting three semi-analytic light-curve models to the ob-
served bolometric light curve, we conclude that it cannot be pow-
ered purely by the radioactive decay of 3°Ni. Such models require
an unphysically large nickel mass (My; > M,j). We conclude that
a light curve powered purely by magnetar spin-down is unlikely
because such models require initial spin periods that are borderline
unphysical and because we do not detect any observational signa-
tures that indicate the formation of a magnetar. We note that the
observed late-time behaviour could likely be fit comparably well by
magnetar spin-down, but in the absence of other evidence for such
a remnant we elected not to include this model.

A model light curve powered primarily by CSM interaction that
includes the additional luminosity produced by the radioactive de-
cay of a moderate amount of nickel (~0.25 M) can reproduce the
observed light curve of ASASSN-14ms quite well with physically
reasonable input parameters. Although we cannot rule out a light
curve powered by magnetar spin-down, the CSM interaction model
is well motivated by the presence of intermediate-width He 1 emis-
sion features in the spectra of SNe Ibn (ASASSN-14ms included).
Thus, we conclude that, although ASASSN-14ms is an unusually
luminous member of the SNe Ibn class, it can plausibly be explained
by CSM interaction and radioactive decay with no need to invoke
more exotic sources of energy deposition.
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