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ABSTRACT

Context. Type Ibn supernovae (SNe Ibn) are thought to be the core-collapse explosions of massive stars whose ejecta interact with
He-rich circumstellar material (CSM).

Aims. We report the discovery of a SN Ibn, with the longest rise-time ever observed, OGLE-2014-SN-131. We discuss the potential
powering mechanisms and the progenitor nature of this peculiar stripped-envelope (SE), circumstellar-interacting SN.

Methods. Optical photometry and spectroscopy were obtained with multiple telescopes including VLT, NTT, and GROND. We
compare light curves and spectra with those of other known SNe Ibn and Ibc. CSM velocities are derived from the spectral analysis.
The SN light curve is modeled under different assumptions about its powering mechanism (*°Ni decay, CSM-interaction, magnetar)
in order to estimate the SN progenitor parameters.

Results. OGLE-2014-SN-131 spectroscopically resembles SNe Ibn such as SN 2010al. Its peak luminosity and post-peak colors are
also similar to those of other SNe Ibn. However, it shows an unprecedentedly long rise-time and a much broader light curve compared
to other SNe Ibn. Its bolometric light curve can be reproduced by magnetar and CSM-interaction models, but not by a **Ni-decay
powering model.

Conclusions. To explain the unusually long rise-time, the broad light curve, the light curve decline, and the spectra characterized by
narrow emission lines, we favor a powering mechanism where the SN ejecta are interacting with a dense CSM. The progenitor of
OGLE-2014-SN-131 was likely a Wolf-Rayet star with a mass greater than that of a typical SN Ibn progenitor, which expelled the
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CSM that the SN is interacting with.

Key words. Supernovae: general; Supernovae: individual: OGLE-2014-SN-131.

1. Introduction

Normal Type Ib/c supernovae (SNe Ibc) are powered by the de-
cay of °Ni and *°Co synthesized in the explosion and present
in the ejecta. This mechanism explains the luminosity and light
curve shape of these transients, which are characterized by bell-
shaped light curves with relatively short rise times of typically
15 — 20 days. Besides radioactive decay, an additional powering
source coming from the spin-down of a young, rapidly-spinning,
magnetar was invoked for the peculiar Type Ib SN 2005bf, which
had a double-peaked light curve (e.g., Folatelli et al. 2006). The
progenitors of these stripped-envelope (SE) core-collapse (CC)
SNe can be either single massive stars stripped by metal-driven
winds, or less massive stars in binary systems, stripped by their
companions (Smartt 2009; Yoon 2015). The low ejecta masses
deduced from their narrow light curves favor the binary progeni-
tor scenario for the majority of SNe Ibc (e.g., Cano 2013; Taddia
et al. 2015; Lyman et al. 2016). Pre-explosion detection searches

have also noted a lack of very massive progenitor stars for SE
SNe (Eldridge et al. 2013).

Beginning with the observations of SN 2006jc (Pastorello
et al. 2007; Foley et al. 2007; Mattila et al. 2008) and other sim-
ilar SE SNe with narrow He emission lines, interaction of the
SN ejecta with the progenitor circumstellar medium (CSM) was
proposed as an additional powering source for SE SNe. These
CSM-interacting SE SNe are now referred to as SNe Ibn. They
show prominent helium lines, similar to Type Ib SNe, although
with narrow emission lines, similar to Type IIn SNe (e.g., Pas-
torello et al. 2016).

The first reported SN with strong narrow He lines in emis-
sion was SN 1999cq (Matheson et al. 2000), and the subsequent
discovery of SN 2006jc linked these two objects together and es-
tablished the definition of the class of SNe Ibn. SN 2006jc also
showed a pre-explosion outburst two years before collapse (Pas-
torello et al. 2007; Foley et al. 2007). A number of SNe Ibn have
since been discovered, and Hosseinzadeh et al. (2017) recently
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presented an analysis of the full sample of 22 objects from the
literature.

SNe belonging to the Type Ibn class have relatively high
peak luminosities (Mg ~ —17 to — 20 mag), are blue at peak,
and their spectra display narrow (< few x10° km s~!) He emis-
sion lines superimposed on a typical SN Ibc spectrum (Pastorello
et al. 2016). Other than the above criteria used to classify them
as Type Ibn, the SNe of this class display a variety of obser-
vational characteristics. They are most often fast evolving with
a short rise to peak brightness (< 2 weeks) and a subsequent
fast decline, but a slowly evolving example, with a post-peak
plateau phase, has also been found (OGLE-2012-SN-006; Pas-
torello et al. 2015d). Their spectra can show some amount of hy-
drogen in emission (see e.g., Foley et al. 2007; Pastorello et al.
2007) or He features in absorption as broad as a normal Type
Ib (Pastorello et al. 2015¢), which has led to the suggestion that
SNe Ibn form part of a continuum from SNe Ib to SNe IIn (Pa-
storello et al. 2015a). By studying the rise-time and peak mag-
nitude of their light curves, Moriya & Maeda (2016) have ar-
gued that Type Ibn and IIn SNe have similar explosion proper-
ties and circumstellar density. However, they also note that a SN
Ibn generally declines faster than a SN IIn, and suggest that the
mass-loss, which created the CSM has probably occurred over a
shorter timescale. The same rapid decline might also indicate a
lower explosion energy for a SN Ibn compared to other SE SNe.

Based on the rapid evolution and typical peak luminosities
of their light curves, Hosseinzadeh et al. (2017) argued that SNe
Ibn have relatively uniform light curves as compared to other
CSM interacting supernovae, specifically compared to Type IIn
SNe. This apparent uniformity might imply that SNe Ibn come
from a similarly uniform set of progenitors. The progenitors of
SNe Ibn have been proposed to be Wolf-Rayet (WR) stars (Pa-
storello et al. 2007). This has been inferred from the presence
of active star-formation in their environments, the large line ve-
locities of the He-rich CSM, and the similarity of the underlying
spectrum to a Type Ic spectrum. In a detailed study, Pastorello
et al. (2016) have shown that a majority of SNe Ibn fit this char-
acterization. However, the discovery of a single SN Ibn located
in an elliptical galaxy has also led to the suggestion that SNe Ibn
could be thermonuclear explosions arising from evolved progen-
itors (Sanders et al. 2013).

In this paper, we present a SN Ibn with an unusually broad
light curve and the longest rise-time ever observed: OGLE-2014-
SN-131. While spectroscopically identical to other SNe Ibn, the
light curve of OGLE-2014-SN-131 is both broader, and at least
30 days longer rising than the average Type Ibn SN with a well
constrained rise time (Hosseinzadeh et al. 2017). By comparison
to other SE SNe with broad light curves, and to analytical light
curve models, we argue that the photometry of OGLE-2014-SN-
131 might be explained if this SN had a higher mass progenitor
compared to other SNe Ibn.

This paper is organized as follows: basic SN information is
given in Sect. 2; observations and data reductions are presented
in Sect. 3; spectroscopic analysis is shown in Sect. 4. OGLE-
2014-SN-131’s photometry is presented in Sect. 5; we then un-
dertake simple modeling to investigate the powering mechanism
for OGLE-2014-SN-131 in Sect. 6; a discussion of our results
and the main conclusions are given in Sect. 7 and Sect. 8, re-
spectively.

2. OGLE-2014-SN-131 basic information

The transient OGLE-2014-SN-131, hereafter OGLE14-131, was
discovered in the 7 band at 19.8 mag on November 11.05 2014
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Fig. 1. Left: OGLE-2014-SN-131 (blue circle) in a VLT acquisi-
tion image taken with an R—special filter on November 29.1, 2014
(JD 2456990.08). Right: NTT image from August 1.2, 2016 (JD
2457601.74), showing no visible host at the SN location. Comparison
stars in the field from Table B.3 have been marked with red circles in
both frames.

UT by the OGLE-IV Transient Detection System (Wyrzykowski
et al. 2014b, see Fig. 1 for a finding chart). Optimized image
analysis at the position of the transient was used to obtain /-band
measurements prior to discovery, with the earliest detection on
September 28.2 2014 at 21.3 mag.

OGLE14-131 is located at « = 01"14"00°81 ¢ =
=77°06"1675 (J2000.0) with no visible host. The Public ESO
Spectroscopic Survey for Transient Objects (PESSTO; Smartt
et al. 2015) obtained a spectrum on November 15 2014, but were
unable to classify the SN due to an incorrect initial redshift es-
timate (Dimitriadis et al. 2014). We revise the redshift estimate
for OGLE14-131 obtaining z=0.085+0.002 (see Sect. 4). Based
on this redshift, we use a distance modulus of 37.85+0.05 mag,
corresponding to a luminosity distance of 372+9 Mpc. Here we
assumed Hy = 73kms~'Mpc™!, Q) = 0.27,Q4 = 0.73 to al-
low for a direct comparison with other SNe Ibn whose distance
moduli were computed with these cosmological parameters (see
table 5 in Pastorello et al. 2016).

To correct for the Milky Way extinction, we used a color
excess of E(B—V)yw = 0.05 mag (Schlafly & Finkbeiner 2011)
from NED!, and assumed a standard (Ry = 3.1) reddening law
(Fitzpatrick 1999).

In order to assess the degree of extinction occurring in the
host galaxy, we inspected the VLT spectrum (see Sect. 4) taken
around maximum light for any signature of narrow Na1D in ab-
sorption. This feature is traditionally used to gauge host extinc-
tion. Since the line was not found, we assume the contribution
of the host galaxy to the total reddening to be negligible.

Additionally, we estimated an upper limit to the host extinc-
tion by determining an upper limit to the narrow Na1 D equiva-
lent width (EW) and applying the empirical relation of Poznan-
ski et al. (2012). Assuming that the Na1 D feature is hidden in
the noise of the spectrum at its known wavelength, we assumed
the hidden absorption line to be a Gaussian with full width at
half maximum (FWHM) equal to the resolution of the spectrum,
and the depth equal to the standard deviation of the signal in
that region. The EW of this Gaussian corresponds to a host color
excess of E(B — V)host < 0.11 mag, which is our upper limit.

Given the first (erroneous) redshift estimate of z ~ 0.31 and
the broadness of the observed light curve, OGLE14-131 was ini-
tially thought to be a super-luminous SN. With our revisions, we
classify OGLE14-131 as a SN Ibn based on strong and narrow

! NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration. https:
//ned.ipac.caltech.edu
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He 1 emission features dominating over a weak narrow Ha emis-
sion line (see Sect. 4).

To search for a host galaxy, we took 1800 seconds of B-band
imaging with the ESO New Technology Telescope (NTT) at La
Silla on August 1.2 2016, long after the SN had faded. The field
was calibrated using 13 of the in-field comparison stars from
Table B.2. Comparison star magnitudes in g’ and ' were con-
verted to Vega B-band magnitudes using the relation from Jester
et al. (2005). We detected no host and estimate a two-sigma up-
per limit of 24.2 mag in the B band, which corresponds to an ab-
solute magnitude of —13.6 = 0.05 using the distance modulus of
OGLE14-131. Following the empirical relation in Tremonti et al.
(2004), the host galaxy of OGLE14-131 must have a metallicity
less than 12 + log(O/H) = 7.78, which is lower than the average
metallicity of the Small Magellanic Cloud (Pilyugin et al. 2003).

3. Observations and data reduction

After discovery, OGLE14-131 was photometrically followed
by the Optical Gravitational Lensing Experiment (OGLE,;
Wyrzykowski et al. 2014a) telescope and later with the Gamma-
Ray Burst Optical/Near-Infrared Detector (GROND) (Greiner
et al. 2008) on the 2.2m telescope at La Silla (Chile), until its dis-
appearance half a year later. We also obtained spectroscopy with
the NTT at La Silla and with the Very Large Telescope (VLT) at
Cerro Paranal around maximum light and on the declining part
of the light curve.

3.1. Photometry

Between September 7 2014 and January 19 2015, the field in-
cluding OGLE14-131 was observed primarily in the / band with
the OGLE telescope (Wyrzykowski et al. 2014a). These obser-
vations span the pre-discovery, rise, peak, and decline of the SN.
The same field was also imaged 16 times in the V band during
the decline phase of the light curve. After November 15 2014, we
obtained eight epochs of multi-band photometry with GROND
(Greiner et al. 2008) in the ¢’, ¥/, 7', 7/, J, H, K bands, though
the SN was never detected in the H and K bands. These observa-
tions started shortly after maximum and covered the light curve
decline until January 26 2015 (see Tables B.1 and B.2).

Though there was no visible host in the images, photome-
try obtained with the OGLE telescope was template subtracted
by the standard photometric pipeline of the OGLE IV survey
(Wyrzykowski et al. 2014a). We did not perform any template
subtraction for the GROND photometry.

GROND data have been reduced in the standard manner us-
ing pyraf/IRAF (Tody 1993; Kriihler et al. 2008; Yoldas et al.
2008). The optical photometry was measured using point-spread
function (PSF) photometry, while the near-infrared (NIR) bands
were measured with aperture photometry. The optical photom-
etry was calibrated against comparison stars obtained by ob-
serving a Sloan Digital Sky Survery (SDSS) field (Ahn et al.
2014) under photometric conditions, and calibrated against the
primary SDSS standard star network”. The NIR data were cali-
brated against the 2MASS catalog®.

The OGLE [ and V bands are similar to the standard
Johnson-Cousins 7 and V bands (Udalski et al. 2015), while
the GROND ¢, ¥/, 7’ bands are similar to the Sloan filters. The
GROND /' band is substantially narrower than the Sloan i band.

2 http://www.sdss.org
3 This results in typical absolute accuracies of +0.03 mag in ¢'r'i’z’
and +0.05 mag in JHK.

Date Resolution
(A)

18.2

13.4

Phase Telescope + Instrument

(y/m/d)  (d)

2014/11/15 +2.6 NTT + EFOSC2 grism 13
2014/11/16 +3.5 NTT + EFOSC2 grism 16
2014/11/29 +15.4 VLT + FORS2 grism 300I 6150-9261 13.0
2014/12/14 +29.3 NTT + EFOSC2 grism 11 3582-7463 13.8

Table 1. Log of spectral observations. A slit width of 1”70 was used
for every observation. Phases are rest frame days measured from JD of
I-band maximum, JD 2456973.9. Resolution is the standard value of
the given instrumental configuration for a 170 slit at the central wave-
length. The range reflects the useful range plotted in Fig. 2.

Range

A
3661-8815
6006-9786

The magnitudes in the GROND optical bands are provided in the
AB system, while the NIR bands are in the Vega system. Details
of all GROND filters can be found in Greiner et al. (2008).

The OGLE photometry was calibrated after the image differ-
encing process using the zero-point of the template image, which
was obtained from several bright stars in the field. The GROND
photometry in the ¢’, 7/, i’, z’, and J bands was calibrated using
an ensemble of 18 stars in the field . We report the positions and
GROND photometry of the calibration stars in Table B.3.

3.2. Spectroscopy

On three occasions (November 15, 16, and December 14 in
2014), spectra were obtained using the ESO NTT telescope with
the EFOSC2 instrument, using grism #13, #16, and #11 respec-
tively as part of a PESSTO monitoring campaign. A slit width
of 1’70 was used. We tabulate the instrumental configuration and
basic spectral properties in Table. 1.

The spectra were reduced with the PESSTO pipeline (Ver-
sion ntt_2.6.6) as described in Smartt et al. (2015)*. The pipeline
provides wavelength calibration using HeAr arc frames, and flux
calibration using the spectrum of a spectrophotometric standard
star. The spectra are publicly available in Spectroscopic Survey
Data Release 3 from the ESO Science Archive Facility.

On November 29 2014, we obtained a spectrum using
FORS?2 on VLT® equipped with grism 3001 and a 1”70 wide slit,
(see Table 1). The observations were made in the long-slit spec-
troscopy mode using offsets along the slit, and the data were
reduced with the standard recipes for spectroscopic reduction of
FORS?2 data in ESO’s Reflex pipeline (Freudling et al. 2013). The
pipeline allows for sky subtraction, wavelength calibration using
a HeAr arc lamp, and flux calibration with a spectrophotometric
standard star.

The spectra are available via WISeREP (Yaron & Gal-Yam
2012).

4. Spectral analysis

We present our redshift corrected spectral sequence in Fig. 2.
The VLT spectrum taken on 29 November 2014 prominently
displays He1 115876, 6678, and 7065 emission that allowed us
to determine a redshift of z = 0.085 + 0.002. Gaussians were fit
to the He 1 emission peaks at 15876 and 16678 in order to derive
the redshift. There is also a weak emission feature at 6563 A due
to Ha that has a slightly narrower profile than the He1 features.

4 www.pessto.org

3 for access see: http://www.pessto.org/index.py?pageld=58
6 Program ID:294.D-5011(A), PI: Lukasz Wyrzykowski.
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Fig. 2. Spectral evolution of OGLE-2014-SN-131. Four spectra were
taken with the NTT and the VLT, all showing the prominent He 1 feature
at 5876 A. The zero flux level of each shifted spectrum is indicated with
a dashed line. The line identifications from Sect. 4 are indicated with
a red dashed line for He1, blue dot-dashed line for He, a green dotted
line for Cam, and a gold dashed line for O1. The spectra have not been
corrected for reddening due to extinction.
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Fig. 3. Spectral comparison of OGLE-2014-SN-131 with a sample of
SN spectra obtained a few weeks after maximum. The sample includes
the Type Ib SN iPTF13bvn (Fremling et al. 2014); the Type Ibn SNe
2010al (Pastorello et al. 2015a) and 2006jc (Pastorello et al. 2008); the
Type Ibn/IIn SNe 2011hw and 20051a (Pastorello et al. 2015a); and the
Type IIn SN 2006jd (Stritzinger et al. 2012). The locations of the promi-
nent Her1 lines and that of Ha have been marked with red dashed, and
a blue dot-dashed line, respectively. This figure is adapted from Pas-
torello et al. (2015a, their fig. 11). Phases in parenthesis are rest-frame
days since maximum. The main telluric features of our spectrum are
marked with crossed-circles.

The most prominent P-Cygni profile feature is the shallow
absorption minimum of He1 45876, at V = 3000 + 100 km s7L
The Ha line also has a shallow blue-ward absorption feature,
with a minimum at 2900 + 100 km s~ consistent with the Heel
A5876. Another feature in the spectrum is the emission at 7300 A
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Fig. 4. The observed light curves of OGLE-2014-SN-131 in different

bands, shifted for easier viewing. The epochs of the obtained spectra

have been marked with vertical dashes. /—band limits are indicated with

gray triangles.

which we identify as the blended Cam doublet at 117291, 7323.
Finally, there is a feature at 7700 A, which could be the absorp-
tion part of a P-Cygni line due to O1 A7774. If so, this line has a
velocity obtained from its minimum of 2900 + 800 km s~!, con-
sistent with the He1 15876.

We used the VLT spectrum to measure the FWHM of the
lines. The He1 45876, where a P-Cygni profile is detected, has a
FWHM of 5200 + 400 km s™!. The other He1 emission features
at 6678 and 7065 A, where we do not detect a P-Cygni profile,
have FWHM velocities of 4700 + 400 and 3300 + 400 km s,
respectively. The measurement of the He 1 17065 feature appears
narrower due to a telluric line that affects its Proﬁle The Ha line
has a narrower FWHM of 1900 + 400 km s whlle the blended
Cam doublet has a FWHM of 3900 + 400 km s~

The NTT spectra have low signal-to-noise ratio, and the early
spectra are mainly characterized by the presence of the He1
A5876 line. Additionally, we can detect He in the November 16
spectrum. Aside from these line identifications, no other lines
are significantly detected in the NTT spectra.

Based on the presence of strong, but rather narrow
(Vewny =~ 4000 — 5000 km s™!), Her emission lines along-
side a weak Ha emission line, we classify OGLE14-131 as a
member of the Type Ibn SN class. In Fig. 3, the post-maximum
VLT spectrum of OGLE14-131 is placed alongside a sequence
of post-maximum SN spectra, ranging from SNe IIn to SNe Ib.
The emission features for OGLE14-131 match very well to those
of SN Ibn 2010al (Pastorello et al. 2015a). The prominent He1
emission lines are narrower than those typically seen in Type
Ib SNe, such as iPTF13bvn, and much stronger than than those
sometimes seen in SNe Type IIn, whose spectra are dominated
by strong emission lines of hydrogen.

5. Photometric analysis
5.1. The unique light curve of OGLE14-131

While OGLE14-131 is a regular SN Ibn if we consider its spec-
trum, its light curve makes it a special event. The unique photo-
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Fig. 5. The absolute magnitude light curves of OGLE-2014-SN-131 in the ¢’, 7', i’/! filters, compared to those of other SNe Ibn in the literature

(see Pastorello et al. 2016, and references therein).

metric properties of OGLE14-131 are evident when we compare
its light curves to those of other stripped-envelope SNe.

The I-band light curve of OGLE14-131 (see Fig. 4) shows
a rise time of approximately 45 days in the observer frame (42
days in the rest frame,) during which the light curve rises by
~ 1.5 mag. Our pre-detection limits are not deep enough to con-
strain the explosion epoch, so 42 days is the lower limit for the
rise time. The light curve declines by the same amount in the fol-
lowing 52 days (in the rest frame) post peak. The /—band light

curve peak occurs on JD 2456973.9 + 1.5 d, as determined by
a sextic polynomial fit. We use the JD of /-—band maximum as
phase zero in this paper. The other light curves, ¢’,+",i’,7’, J,
observed from the epoch of /-band maximum, show a decline
similar to that of the /—band (see Table 2).

Using the distance modulus and the extinction correction
discussed in Sect. 2, we compute the absolute magnitude light
curves of OGLE14-131, which are shown in Fig. 5. Here we
compare the ¢, r’, and i’/ I-band absolute magnitude light curves

Article number, page 5 of 14
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of OGLE14-131 with the corresponding light curves of other
SNe Ibn (see Pastorello et al. 2016, and references therein). The
I—band maximum is found at —18.16 + 0.09 mag for OGLE14-
131, which is comparable to those found for other SNe Ibn (see
Figs. 5 and 6) and close to the typical value for normal SNe Ibc
(Taddia et al. 2015). Among SNe Ibn, OGLE14-131 shows an
unprecedentedly long rise-time, as is clearly visible in the top
panel of Fig. 5. SNe Ibn are usually characterized by fast rise
times (10 — 15 days). The decline rate is somewhat slower for
OGLEI14-131 compared to the other SNe Ibn, with the excep-
tion of OGLE-2012-SN-006.

In Fig. 6 we also compare the absolute /—band light curve of
OGLE14-131 to the very slowly evolving light curve of SN Ic
2011bm. With a well-constrained rise time of ~ 37 — 40 days
in the rest frame, SN 2011bm has the slowest photometric evo-
lution of any SN Ibc in the literature (Valenti et al. 2012). Even
with a conservative estimate for the explosion epoch as the day
of first detection, the rise time of OGLE14-131 is longer than
that of SN 2011bm, which is already more than twice as long as
an ordinary SN Ibc (Taddia et al. 2015). This is shown in Fig. 6,
where we also plot the average SN Ibn /-band light curve (from
the data shown in the top panel of Fig. 5)” and the SN Ibc light
curve template (from Taddia et al. 2015), as well as a pseudo-
template for SLSNe (obtained by scaling the SN Ibc template ac-
cording to Nicholl et al. 2015). When considering rise-time and
broadness, the light curve of OGLE14-131 resembles a super-
luminous SN more than a SN Ibn. It is broader and longer-rising
than any other SN of its class. This broadness could offer insights
into the progenitor and powering mechanism of OGLE14-131.
We study this further in Sect. 6.

The long rise time and the slow decline of OGLE14-131
makes its light curve particularly broad around peak. We quan-
tify this peak broadness as the time that the SN light curve spends
within half a magnitude of the peak. To compare OGLE14-131
with other light curves in a quantitative fashion, we fit a phe-
nomenological model from Bazin et al. (2011) to the I/i band
for OGLE14-131, the Type Ic SN 2011bm, the Type Ibn and
Ibc templates, OGLE14-131’s spectroscopic twin Type Ibn SN
2010al, and the rapidly evolving Type Ibn LSQ13ccw (r band,
Pastorello et al. 2015b). In Fig. 6 we show, as examples, fits
to the light curves of OGLE14-131 and SN 2011bm marked by
dashed lines, as well as the broadness as a solid line.

This demonstrates that OGLE14-131 is significantly (> X3)
broader than the typical Type Ibn SN, and similar to SN 2011bm
(Fig. 7).

5.2. Optical colors of OGLE14-131

The MW extinction corrected optical post-peak colors of
OGLE14-131 (¢’ -7, g’ —i’, and ' —i’) are shown in Fig. 8 and
compared to those of other SNe Ibn in the literature. The col-
ors for OGLE14-131 gradually evolve blue-ward for ~ 25 days,
before flattening out. Overall, the colors for OGLE14-131 and
the other SNe Ibn appear very similar. The latter exhibit a rela-
tively flat color evolution, or a slow blue-ward trend lasting up
to ~ 100 days.

7 The Ibn template is simply the average of SNe Ibn from Fig. 5,
with OGLE-2012-SN-006 excluded due to the unprecedented plateau
observed in its light curve.
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Fig. 6. The /-band light curve of OGLE-2014-SN-131 alongside Type
Ic SN 2011bm (Valenti et al. 2012), compared to template Type Ibn
and Type Ibc light curves (Taddia et al. 2015), as well as to the SN Ibc
template scaled to the SLSN sample (Nicholl et al. 2015). As examples,
the phenomenological fits from Bazin et al. (2011) used in the broadness
comparison for the two SNe have been over-plotted as dashed lines. The
broadness parameter plotted in Fig. 7 is also indicated with a solid line
for both SNe. Both OGLE-2014-SN-131 and SN 2011bm have broader
light curves compared to their respective classes.
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Fig. 7. The broadness (time interval when the SN light curve is within
0.5 mag from peak) of the SNe and template light curves discussed
in Sect. 5.1, and illustrated in Fig. 6. (These values characterize the
broadness of the light curve around maximum light.) OGLE-2014-SN-
131 is broader than normal SNe Ibc, and than other SNe Ibn, including
its spectroscopic match, SN 2010al. It is instead similar to the broad
Type Ic SN 201 1bm. We include the rapidly-fading Type Ibn LSQ13ccw
to illustrate the diversity of light curve parameters for Type Ibn SNe.
Both OGLE-2014-SN-131 and SN 2011bm evolve significantly slower
than the typical light curve of their respective classes.

5.3. Bolometric properties of OGLE14-131

We calculate the bolometric properties of OGLE14-131, namely
its bolometric luminosity (L), black-body (BB) temperature, and
radius. To do that, we build a spectral energy distribution (SED)
for each epoch of GROND photometry by converting the ex-
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Fig. 8. Colors of OGLE-2014-SN-131 as compared to those of other
SNe Ibn in the literature (see Pastorello et al. 2016, and references
therein). The symbols are the same as in Fig. 5.

tinction corrected magnitudes into fluxes. Our SEDs cover the
range from ¢’ to J—band in effective wavelength. Then we fit the
SED (in the rest-frame) with a BB function, obtaining the tem-
perature. We also calculate the luminosity, obtained as the BB
integral multiplied by 47D?, where D is the known luminosity
distance, in order to estimate the radius. The results are shown
in Fig. 9. The temperature is cooling down in the 20 days post
peak, where it remains constant afterwards. The radius reaches
its peak at +20 days, whereas the luminosity steadily declines.
While the SED we constructed was well fit by a BB function, the
likely powering scenarios for OGLE14-131 (see Sect. 7,) make
it possible that there are non-thermal components contributing to
the SED, especially in UV and X-rays.

If we convert the absolute /—band magnitude to luminosity
(L = 10C-M+8871/25 oo =1) we can see that, after a bolometric
correction of +0.59 mag, it is very similar to the computed bolo-
metric luminosity at the epochs post peak (see the red diamonds
in Fig. 9 as compared to the black squares). We obtain this bolo-
metric correction by fitting the bolometric epochs to the /-band
light curve where the two overlap, and assume this shift to be the
bolometric correction for the /—band light curve that is constant
in time. We then merge the two bolometric light curves, in order
to also cover the rising part. We model this pseudo-bolometric
light curve in Sect. 6.

The validity of assuming a bolometric correction that is con-
stant in time depends on the flatness of the color evolution of
Type Ibn SNe. While there is no such thing as typical color
changes for SNe Ibn, the post peak colors of OGLE14-131 are
in good agreement with others from the literature, (we refer to
Fig. 8). The colors before maximum are harder to find. For the
well studied SN 2010al, the colors are relatively flat before peak,
within a range of 0.25 mag. This is also the case for PS1-12sk
(Sanders et al. 2013), whose pre-peak colors are flat within 0.1
mag. However, OGLE14-131 has an unprecedented early light
curve, and we do not know its early color evolution. This is a

OGLE-2014-SN-131: a long-rising SN Ibn
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Fig. 9. Bolometric properties of OGLE-2014-SN-131 as derived from
the BB fit to the SEDs. BB temperature, radius and luminosity are
shown by black squares. We only have post-peak SEDs, as before peak
OGLE14-131 was only observed in the / band. In the bottom panel
we shift the absolute /—band magnitude light curve of OGLE14-131 to
match its bolometric light curve after peak. We use the combined bolo-
metric plus shifted / band as the final bolometric light curve, in order to
also be able to model its rising part.

possible source of uncertainty for the models we use in the fol-
lowing section.

6. Modeling

The light curves of SNe Ibn have been explained by invoking
radioactive decay or circumstellar interaction as the powering
mechanisms. The energy source of the emission from long-rising
SE SNe, such as SN 2011bm and SN 2005bf, has been proposed
to be °Ni radioactive decay and the spin-down of a magnetar,
respectively. OGLE14-131 could be powered by one, or a com-
bination, of these mechanisms. Though there are clear signs of
CSM interaction (the spectra display narrow emission lines sim-
ilar to those in SNe IIn and other SNe Ibn; see Fig. 2), the dom-
inant powering source could be something else. In the follow-
ing, we discuss these different mechanisms for OGLE14-131 by
fitting simple analytical models to the pseudo-bolometric light
curve. Our simple modeling is suitable for estimating the rele-
vant explosion parameters for a given powering scenario, which
is the aim of this section. For this discussion, we assume the last
non-detection epoch as the explosion date.

6.1. °Ni radioactive decay

Assuming that radioactive decay of “°Ni is the dominant energy
source, we can fit a simple Arnett (1982) (radioactive decay)

Article number, page 7 of 14
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Band Peak Slope
- (mag) (magd™")
I-OGLE 19.77 £ 0.075 0.025
V-OGLE  20.19-20.05 0.034
g’-GROND 20.23-20.23* 0.032
r’-GROND 20.22-20.15  0.029
i’-GROND 20.21-20.00  0.027
z’-GROND 20.35-20.18  0.028
J-GROND 20.11-19.98  0.035

Table 2. Peak magnitude and decline rate of each photometric band.
Decline rates were obtained by fitting a first degree polynomial to all
epochs post peak for a given filter. Peak magnitude for all bands except
for the / band are given as ranges, where the upper limits have been ex-
trapolated from the decline rate fit at the JD of /—band maximum, since
they lack data at peak. We consider the fit values to be upper limits
since a concave-down light curve would have a dimmer peak than this
fit indicates. The lower limits are simply the magnitude of first detec-
tion immediately after peak. The peak magnitude values have not been
extinction corrected.

* The peak magnitude for g’ band was estimated by excluding the last
epoch of photometry due to it slightly diverging from a simple linear fit.
The decline rate is still from a fit to all epochs.

- - Radioactive decay M;=14 Ex=4.2 Mwxy;=0.25
- - Magnetar M;=29.6 B;,=14.0 P,,=14.7
- = CSM Interaction M;=18 Ex=0.16 M, =0.5
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Fig. 10. Best fits to the bolometric light curve of OGLE-2014-SN-131
for three different models. The dashed red line shows the simple Arnett
(radioactive decay) model, the dashed blue line shows the best mag-
netar model, the dashed green line indicates the best CSM interaction
model, and finally, the dashed gray line is an alternative radioactive de-
cay model with recombination. The radioactive decay models cannot
reproduce the relatively fast decline of the light curve.

model (see e.g., Cano 2013; Taddia et al. 2015) to the bolomet-
ric light curve of OGLE14-131. We obtain an ejecta mass M =
14 My, a *°Ni mass Msey; = 0.25 My, and an explosion energy
Ex = 4.2x10%! erg. We plot our best fit with a red-dashed line in
Fig. 10. As can be seen in the figure, it is difficult to fit the rise,
peak, and decline simultaneously using a simple Arnett fit. Such
an amount of **Ni combined with the large ejecta mass should
keep the light curve brighter for longer post peak, which does
not match our observations. This suggests that the sole powering
source is not radioactive decay.

In the Arnett model, we assumed x = 0.07 cm? g~! (which
is well suited for electron scattering in H-free material), and an
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ejecta expansion velocity V = 7000 km s~'. As we cannot see the
spectrum of the ejecta of OGLE14-131, which is masked by the
slowly moving CSM, we resort to using the above-mentioned
value for the ejecta velocity, since it was measured for the SN
Ibn/Ib ASASSN15ed (Pastorello et al. 2015¢). If the expansion
velocity used in the Arnett model was higher, a greater ejecta
mass would be needed to get a good fit, and vice versa for a lower
expansion velocity. In the Arnett model, we also use E/M =
(3/10)V? from the assumption of constant density.

The mismatch between the long rise and the fast decline
compared to the Arnett model could possibly be resolved if
we imagine that after peak the gamma-rays powering the light
curve are not fully trapped. To investigate this possibility, we
used a scaling-relation for gamma-ray escape (Clocchiatti &
Wheeler 1997), but also included a treatment for the 3.5 percent
of kinetic energy released by positrons (e.g., Sollerman et al.
1998), with the M, and Ex parameters from our Arnett model.
Using this method, assuming that gamma-ray escape scales as
oc 1 —0.965 exp(—7), we find that even for the final epoch, the
gamma-rays are 99.3% trapped, and thus our assumption of full-
trapping in the Arnett model is valid. Since 7 (ng JE)t2,
we also calculated a one sigma upper limit of M; < 4.2 Mg
to explain the final photometric epoch by gamma-ray escape, as
compared to our Arnett model with full trapping, when keeping
the kinetic energy fixed. However, 4.2 M, of ejecta mass is too
low to explain the broadness of the lightcurve, and therefore we
disfavor this scenario.

While the mass of *°Ni we obtain is similar to that found in
other SNe Ibc (Lyman et al. 2016), the ratio of the *°Ni mass
to the ejecta mass, which is approximately 2%, is relatively
low. CC SNe and SE SNe generally show a correlation between
the synthesized °Ni mass and the ejecta mass (Lyman et al.
2016). For an ejecta mass >10 Mg, a SE SN powered by ra-
dioactive decay typically produces > 0.7 My, of °Ni, as in the
case of SN 2011bm (Valenti et al. 2012). This is not the case for
OGLE14-131, whose putative *°Ni mass is substantially lower.

Based on all of the above, we do not favor the simple Arnett
model. We also briefly investigated whether composite diffusion
models (Imshennik & Popov 1992; Arnett & Fu 1989), which in-
clude the effect of helium recombination in the SN ejecta, could
reproduce the light curve of OGLE14-131. We implemented the
semi-analytical model from Imshennik & Popov (1992), and ob-
tain an acceptable fit to the early light curve using Mj = 6 Mo,
Msen; = 0.23 Mg, Ex = 1.4x10°! erg, as well as an extended stel-
lar radius of 100 Re,. This alternative model is plotted with gray
dashed lines in Fig. 10. While the hybrid diffusion model can fit
the early part of the broad light curve of OGLE14-131, since re-
combination mainly affects the early light curve, the radioactive
decay scenario still struggles to reproduce the relatively fast late
decline.

6.2. Magnetar

We can also try to fit the bolometric light curve with a magne-
tar model, first proposed and applied to supernovae by Kasen
& Bildsten (2010); Woosley (2010). Assuming constant opacity
k =0.07 cm? g~!, V = 7000 km s~!, and uniform density of the
ejecta (as in the Arnett model), we fit the bolometric light curve
to estimate the ejecta mass, the strength of the magnetic field
(B14) in units of 10'* G, and the spin period of the magnetar in
ms (P;), as outlined by Inserra et al. (2013). We obtain a large
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ejecta mass of 30 £+ 6 Mg, Bub=14+1,and P,, =15+ 2.
The best fit is shown with a blue-dashed line in Fig. 10.

Whereas we cannot rule out the magnetar scenario, we do not
need to invoke it for additional luminosity, and we do not pursue
this idea further. Since we do see evidence of CSM interaction in
the spectra, the simplest scenario is probably that the light curve
is also mainly powered by CSM interaction, which we discuss
immediately below.

6.3. Circumstellar interaction

The spectra and a relatively fast decline of the light curve can
be more easily explained in the context of CSM interaction. The
presence of narrow emission lines in the spectrum of our SN Ibn
suggests that some CSM-interaction is certainly occurring. Here
we investigate whether this mechanism could be the dominant
source of energy for OGLE14-131. We adopt the semi-analytic
light curve model by Chatzopoulos et al. (2013), which mod-
els the effects of forward and reverse shock energy deposition,
taking into account diffusion, through an optically-thick CSM
assuming that the typical shock crossing timescale is larger than
the effective diffusion timescale.

This model includes several parameters characterizing the
progenitor star and the explosion mechanism (ejecta mass, ex-
plosion energy, radius, inner and outer density structure) and
the CSM (density, density structure, opacity). Obviously, the
large number of parameters makes it easier to fit a light curve.
In particular, we can choose several sets of parameters to re-
produce both the rise and the linear (in magnitude) decline. In
Fig. 10 we show one example of a good CSM-interaction model
fit (green dashed line; see appendix for model parameters). The
CSM model can reproduce both the parabolic early light curve,
and the linear decline part of the light curve after peak rather
well.

The dense CSM (~ 107! g cm™) in the models can be
produced by an eruption or by a steady-wind prior to collapse.
While the exact formation scenario is not known, in accordance
with previous modeling work for Type Ibn SNe, (e.g., Chugai
2009; Elias-Rosa et al. 2015; Moriya & Maeda 2016,) we as-
sume a constant-density CSM shell in our model. This putative
shell of CSM may have been ejected prior to explosion in an
eruptive mass-loss episode, such as the pre-explosion outburst
observed for SN 2006jc. We also tried using a model with a CSM
formed by steady-state mass-loss, but the high mass-loss rate re-
quired to form the dense CSM for this model was incompatible
with a steady wind scenario.

In Fig. 11, we present again the best CSM model for
OGLE14-131 (blue line), as well as another model (red line) that
better fits the fast rise of normal SNe Ibn and their early declin-
ing phase. For illustration, we also plot the SN Ibn template. The
two models have the same parameters controlling the early ris-
ing part of the light-curve, except that the fast rising one is built
by reducing both the ejecta mass and the CSM mass by 85%
and 65%, respectively. The reduction in expelled mass has the
effect of both shortening the rise time, and increasing the peak
luminosity slightly.

However, these are not the only parameters we can change
to fit the general shape of a SN Ibn light curve. For example, in-
creasing the explosion energy has the effect of increasing the
peak luminosity, without a significant effect on the rise-time
(Nicholl et al. 2015). We can also modify the progenitor radius,

8 This B field is similar to that estimated for SN 2001gh (Elias-Rosa
et al. 2015).
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Fig. 11. CSM interaction models compared to the light curve of OGLE-
2014-SN-131 and the / band SN Ibn template. The only difference be-
tween the two models is that the latter (red line) had its ejecta mass and
CSM mass reduced by 85% and 65%, respectively. No other parameter
has been changed. Since we do not know the average /-band bolometric
correction for a SN Ibn, we also plot the 1-sigma /-band template with
+ 1.0 mag bolometric correction. The model would still be consistent
with the template after we apply this bolometric correction, if we allow
the explosion energy to change by +30% (see Sect. 6.3).

explosion energy, CSM mass, and the parameters responsible
for the CSM density profile together to achieve a similar result.
We did not attempt to establish a grid of possible parameters.
However, Fig. 11 illustrates that by simply varying the CSM and
ejecta masses within a physically plausible range, we can repro-
duce the observed light curve quite comfortably.

Though we do not fit hybrid models due to the large number
of parameters involved, (a hybrid model would include all of the
parameters of each individual powering scenario,) these multiple
powering scenario models, such as a combination of *°Ni decay
and CSM interaction (Chatzopoulos et al. 2013), could poten-
tially explain the light curve of OGLE14-131, as well.

7. Discussion

Given the spectral properties of OGLE14-131, the unprece-
dented long rise-time, and the broadness of its light curve, as
well as the model fits to the bolometric light curve: 1) we disfa-
vor the radioactive decay scenario, which cannot reproduce the
fast decline and the long rise simultaneously, while still fitting
the peak luminosity; 2) we cannot rule out the magnetar scenario,
whose model fits well to the bolometric light curve; 3) we favor
the CSM interaction scenario, which can potentially explain all
the observed properties.

In the CSM interaction scenario, we can also attempt to ex-
plain why OGLE14-131 rises over a longer timescale than usual
for SNe Ibn. In terms of the progenitor star, we make the ze-
roth order assumption that larger ejecta and CSM mass should be
produced by a star that is more massive than the typical SN Ibn
progenitor. Then, if SNe Ibn have a rather uniform set of pro-
genitors (Hosseinzadeh et al. 2017), and we therefore can use
similar CSM interaction model parameters, we show in Fig. 11
that the primary difference between a typical SN Ibn and the un-
usual light curve of OGLE14-131 could be due to the mass of the
progenitor. Hence, it is reasonable to conclude that what makes
OGLE14-131 special in the context of SNe Ibn is the nature of its
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progenitor star, which was more massive than the usual SN Ibn
progenitors.

The large ejecta mass inferred for OGLE14-131 has implica-
tions for the progenitor evolution. In the single-star Binary Pop-
ulation and Spectral Synthesis code (Eldridge & Stanway 2009,
BPASS), models at Large Magellanic Cloud metallicity (~ 1/2
solar), are able to lose their H envelope and form a large enough
CO core-mass to explain our ejecta mass estimate, at Mzaus be-
tween 40 to 60 My. OGLE14-131 evolved in a low-metallicity
environment (see Sect. 2), and therefore, it might have been pro-
duced by a massive single star, according to these models. An-
other possibility is that the progenitor was stripped of its H en-
velope by a binary companion (Eldridge et al. 2008). A massive
progenitor near 60 My, in a low-metallicity environment with
rapid rotation could have an eruptive mass-loss history via the
pulsational pair instability (PPI; Woosley 2016).

From the light curve fitting (Sect. 6.3), we also favor the
presence of a CSM shell around the SN progenitor instead of
a wind-like profile. While the exact eruptive mechanism respon-
sible is not known, gravity-wave induced mass-loss (Quataert &
Shiode 2012), luminous blue variable (LBV) type mass-loss, or a
PPI (Woosley et al. 2007; Woosley 2016) could have formed the
CSM shell. The PPI mechanism is expected to naturally result in
CSM shells (Woosley et al. 2007).

The light curve of OGLE14-131 is broader and longer-rising
than any other SN of its type. This is true also for SN 201 1bm,
which was likely the explosion of a very massive (Mzams >
30 Mg, and Mg; ~ 7—17 My,) star (Valenti et al. 2012). The sim-
ilarity in relative light curve broadness and rise-time of the two
SNe as compared to their respective types could indicate that
OGLEI14-131 also has an unusually massive progenitor, if the
light curve is nickel powered. Even in the CSM powering sce-
nario (Sect. 6.3), we show that the broad light curve of OGLE14-
131 compared to its class can be due to an unusually massive
progenitor.

The relatively fast (~3000 km s=') CSM velocity that can
be deduced from the absorption minima in the spectrum is con-
sistent with the wind velocities of very massive WR stars, es-
pecially early-type WC and WO stars (Crowther 2007). A very
large Mz4ys star that evolved into a WR star more massive than
usual likely produced OGLE14-131.

Hosseinzadeh et al. (2017) showed that SNe Ibn exhibit
remarkable homogeneity in their light curves for circumstel-
lar interaction powered SNe. Since slowly-evolving light curves
should be more readily observed, there is no observational bias
against the rarity of broad light curves in SNe Ibn. However, no
other SN Ibn, with as long a rise-time as OGLE14-131, has been
published in the literature. In fact, Hosseinzadeh et al. (2017)
showed that SNe Ibn exhibit remarkable homogeneity in their
fast-rising light curves. Therefore, the progenitor system and/or
the CSM configuration around OGLE14-131 must be unusual
compared to an ordinary SN Ibn. If, as we argue, OGLE14-131
has an unusually massive progenitor for a SN Ibn, then it is nat-
ural to expect a low number of OGLE14-131-like events, given
that such massive stars should be relatively rare.

8. Conclusions

Spectroscopy and multi-band photometry of OGLE14-131 have
been presented. Identification of prominent He1 emission lines
classifies this SN as a Type Ibn. While, spectroscopically,
OGLE14-131 is identified as a normal SN Ibn, when compared
to other Type Ibn SNe, its broad light curve shows the longest
rise-time ever observed for this SN class. From the post-peak
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multi-band photometry, a pseudo-bolometric light curve was
computed, and combined with the /-band light curve (after ap-
plying a bolometric correction), to also cover the rising part. An-
alytical light curve models fitted to this pseudo-bolometric light
curve disfavor a radioactive decay powered scenario. Instead, the
CSM interaction scenario, which is also supported by the narrow
emission line spectra of OGLE14-131, is preferred.

CSM model fits to the long rise-time require higher ejecta
and CSM masses for the progenitor of OGLE14-131 compared
to typical SN Ibn progenitors. Given the composition of the CSM
inferred from the spectra, and the long rise to peak, the most
likely progenitor scenario for OGLE14-131 is a massive WR
star. The relatively high wind velocity of ~ 3000 km s~! means
that it is likely a WC or WO star, which can show faster winds.
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Appendix A: CSM model parameters

Since the CSM model has many parameters, we did not attempt
to optimize the fit to our light curve. Instead, we used our in-
tuition of the physically based parameters to obtain a visually
acceptable fit. For simplicity, we assumed a purely CSM pow-
ered scenario with no nickel. We used the following values for
the nature of the CSM: Mass of the CSM, Mcsm = 0.5 Mg; the
power-law exponent for the CSM density profile, s = 0; the den-
sity of the CSM shell immediately outside the stellar envelope,
pesm = 0.55x 10710 g cm™>. We used the following values char-
acterizing the nature of the progenitor: the inner density profile
of the ejecta, & = 1; the explosion energy Esy = 0.155 x10°!
ergs; the radius of the progenitor, R, = 1 Rg; the ejecta mass,
M,j = 18 Mo; the power-law exponent of the outer ejecta com-
ponent, n = 12. To set the diffusion timescale of the optically
thick CSM, we also used x = 0.2 cm? g~! for the opacity and a
constant of 8 = 13.8.

For the model better fitting a typical SN Type Ibn, we did
not change any of the parameters above except for the ejecta and
CSM masses, which we multiplied by a constant of 0.15 and
0.35, respectively. The ejecta and CSM masses were changed to
better fit the rapid rise and slightly-higher peak luminosity of a
typical SN Ibn.

Appendix B: Photometry tables
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MID I-Mag I-Error MJD V-Mag V-Error MID Mag  Error Filter
56907.232 >21.62 _ _ _ _ 56976.116 20.23 0.08 g’
56924.169 >21.04 _ _ _ _ 56984.055 20.62 0.04 ¢’
56928.197 21.26 0.29  _ _ _ 56992.125 20.85 0.07 ¢
56932.130 20.92 0.21 _ _ _ 57000.072 21.25 0.07 g
56938.167 20.36 0.18  _ _ _ 57005.069 21.35 0.04 ¢’
56942.125 20.34 0.14  _ _ _ 57012.065 21.52 0.04 ¢
56949.152 20.14 0.11 _ _ _ 57048.101 22.75 0.10 g’
56952.129 1998 0.09 _ _ _ 57075.060 23.43 0.12 ¢’
56955.145 1996 0.09 _ _ _ 56976.116 20.22 0.05
56960.132 1998 0.10 _ _ _ 56984.055 20.52 0.02 r
56964.265 1998 0.16  _ _ _ 56992.106 20.67 0.04
56968.162 19.78 0.11 _ _ _ 57000.072 20.96 0.03
56972.054 19.78 0.07  _ _ _ 57005.069 21.05 0.02
56972.054 19.77 0.07 _ _ _ 57012.065 21.18 0.02 r’
56976.080 19.85 0.11 56976.171 20.19 0.06 57048.088 22.44 0.05
56978.175 20.07 0.10 56978.172 20.22 0.06 57075.060 23.07 0.09 r’
56980.096 19.70 0.09  56980.130 20.41 0.06 56976.116 20.21 0.07 7
56980.132 19.75 0.07 _ _ _ 56984.055 20.35 0.03 1
56983.066 20.04 0.10  56983.180 20.37 0.06 56992.106 2043 0.05 1
56983.182 19.89 0.09 _ _ _ 57000.072 20.74 0.04 1
56987.044 1996 0.09 56987.042 20.54 0.07 57005.069 20.80 0.04 1
56987.064 19.88 0.08  _ _ _ 57012.065 20.95 0.04 1
56988.059 20.00 0.09  56988.057 20.41 0.08 57048.088 22.09 0.05 1
56989.073 1996 0.09 56989.071 20.55 0.15 57075.060 22.90 0.14 1
56992.060 20.54 0.20  56992.058 20.51 0.15 56976.116 20.35 0.08 z’
56992.080 20.17 0.13  _ _ _ 56984.055 20.51 0.05 7
56994.086 20.27 0.11 56994.084 20.38 0.11 56992.106 20.73 0.07 2z’
56996.092 20.30 0.17 56996.101 21.06 0.39 57000.072 20.89 0.07 z’
56998.089 20.45 0.18 56998.087 20.78 0.25 57005.069 2094 0.06 =z’
57000.099 20.25 0.12  57000.108 20.85 0.16 57012.065 21.20 0.06 z’
57003.081 20.51 0.14  57003.079 20.97 0.10 57048.088 22.31 0.10 z'
57006.089 20.33 0.19  57006.070 21.28 0.19 57075.060 23.10 0.23 7z
57008.133 20.85 0.18 57008.131 21.29 0.12 56976.115 20.11 0.17 J
57010.074 20.49 0.13 57010.097 21.74 0.23 56984.055 20.33 0.13 J
57013.062 20.39 0.17 _ _ _ 56992.125 20.58 0.16 J
57015.069 20.68 0.16  _ _ _ 57000.070 20.88 0.21 J
57018.030 2047 0.22  _ _ _ 57005.056 21.18 0.27 J
57021.048 20.80 0.19  _ _ _ 57012.033 21.30 022 J
57025.037 21.29 045 _ _ _ 57048.088 >21.72 _ J
57027.077 21.08 0.41 _ _ _ 57075.060 >21.58 _ J
57030.032 21.28 0.44  _ _ _ 56976.115 >20.58 _ H
57032.044 2133 0.37 _ _ _ 56976.115 >19.88 _ K
57035030 2153 120 - - Table B.2. Photometry of OGLEI4-131 from GROND. Magnitudes
57036.031 >21.31 _ - - are observed magnitudes, (AB mags for optical, Vega system for NIR)
57039.031 >21.00 _ — — — where no extinction correction has been applied. Since there were
57041.026 >20.84 _ no detections in the H and K bands, we only include the first non-

Table B.1. Photometry of OGLE14-131 from the OGLE telescope.
Magnitudes are observed Vega magnitudes where no extinction correc-

tion has been applied.

detection upper-limits from shortly after maximum light. The typical

absolute accuracies for GROND photometry are +0.03 mag in g'r'i’z
and +0.05 mag in JHK;.
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RA DEC g’-Mag ¢'-Error r’-Mag r’-Error i’-Mag i’-Error z’-Mag z’-Error

018.53470 -77.10966 20.019 0.012  19.207 0.005 18.892 0.009 18.700 0.014
018.46545 -77.10302 20.213 0.014  19.700 0.006  19.508 0.013  19.393 0.025
018.45547 -77.09666 20.762 0.019  20.188 0.010 19.942 0.018 19.743 0.035
018.39682 -77.10910 18.599 0.004 18.187 0.003  18.006 0.004 17.886 0.007
018.48157 -77.09346 18.489 0.004 17.766 0.002  17.458 0.003 17.253 0.005
018.52726 -77.08878 17.923 0.003  17.534 0.002 17.378 0.003 17.293 0.005
018.53799 -77.09974 21.240 0.031  19.935 0.007 19.222 0.012 18.835 0.017
018.57632 -77.11839 19.296 0.007 19.418 0.005 19.504 0.015 19.508 0.028
018.49474 -77.12227 19.827 0.010  19.330 0.005 19.120 0.010 18.985 0.019
018.64939 -77.11419 18.876 0.005 18.104 0.002 17.761 0.004 17.547 0.005
018.64473 -77.12138 20.718 0.019  19.338 0.005 18.635 0.007 18.289 0.011
018.39874 -77.08181 20.916 0.025 19.545 0.006  18.439 0.005 17.911 0.009
018.54510 -77.07533 19.584 0.009  19.222 0.005 19.054 0.011 18.947 0.020
018.39874 -77.08181 19.317 0.007  18.647 0.003  18.372 0.005 18.203 0.010
018.39907 -77.08963 19.951 0.011 19.391 0.005 19.156 0.011 18.986 0.017
018.57524 -77.09169 19.482 0.009 18.863 0.003  18.573 0.006 18.383 0.011
018.65228 -77.07655 19.724 0.009  19.280 0.004  19.069 0.011 18.952 0.018
018.39131 -77.09921 20.893 0.024  19.607 0.006  19.012 0.009 18.714 0.015

Table B.3. RA and DEC (J2000); magnitude and error in each of the GROND optical filters, ¢, r’, i’, 7/, of the comparison stars used for calibrating
the GROND data.
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