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ABSTRACT
Supernova (SN) 2016bdu is an unusual transient resembling SN 2009ip. SN 2009ip-like events
are characterized by a long-lasting phase of erratic variability that ends with two luminous
outbursts a few weeks apart. The second outburst is signi�cantly more luminous (about 3 mag)
than the �rst. In the case of SN 2016bdu, the �rst outburst (Event A) reached an absolute
magnitude Mr � �15.3 mag, while the second one (Event B) occurred over one month later
and reached Mr � �18 mag. By inspecting archival data, a faint source at the position of SN
2016bdu is several times in the past few years. We interpret these detections as signatures
of a phase of erratic variability, similar to that experienced by SN 2009ip between 2008 and
mid-2012, and resembling the currently observed variability of the luminous blue variable
SN 2000ch in NGC 3432. Spectroscopic monitoring of SN 2016bdu during the second peak
initially shows features typical of an SN IIn. One month after the Event B maximum, the
spectra develop broad Balmer lines with P Cygni pro�les and broad metal features. At these
late phases, the spectra resemble those of a typical Type II SN. All members of this SN
2009ip-like group are remarkably similar to the Type IIn SN 2005gl. For this object, the claim
of a terminal SN explosion is supported by the disappearance of the progenitor star. While
the similarity with SN 2005gl supports a genuine SN explosion scenario for SN 2009ip-like
events, the unequivocal detection of nucleosynthesized elements in their nebular spectra is still
missing.

Key words: supernovae: general � supernovae: individual: SN 2016bdu, SN 2005gl, SN
2009ip, SN 2010mc, LSQ13zm, SN 2015bh.
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1 INTRODUCTION

While it is well known that many massive stars lose a large
fraction of their envelope in the latest stages of their life, the
mechanisms that trigger the mass-loss are still poorly understood.
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Steady winds (Castor, Abbott & Klein 1975; Owocki & Puls 1999;
Dwarkadas & Owocki 2002; Lamers & Nugis 2002; Chevalier &
Irwin 2011; Moriya et al. 2011; Ginzburg & Balberg 2012), en-
hanced mass-loss due to binary interaction (Kashi 2010; Kashi &
Soker 2010; Smith & Frew 2011; Chevalier 2012; Soker 2012; de
Mink et al. 2013; Soker & Kashi 2013), or major outbursts caused by
stellar instabilities (Humphreys & Davidson 1994; Langer, Garc·�a-
Segura & Mac Low 1999; Woosley, Blinnikov & Heger 2007;
Arnett & Meakin 2011; Chatzopoulos & Wheeler 2012; Moriya &
Langer 2014; Shiode & Quataert 2014) can all lead to the formation
of extended circumstellar environments (for reviews on this topic,
see Langer 2012 and Smith 2014). When stars embedded in such
dense cocoons explode as supernovae (SNe), they produce the typ-
ical observables of interacting SNe: narrow to intermediate-width
lines in emission, a blue spectral continuum, and enhanced X-ray,
ultraviolet (UV), and radio �uxes (Weiler et al. 1986; Chugai 1991;
Chevalier & Fransson 1994; Filippenko 1997; Aretxaga et al. 1999;
Chandra et al. 2012, 2015; Kiewe et al. 2012; Smith et al. 2017).
SNe showing spectra with narrow or intermediate-width Balmer
lines produced in an H-rich circumstellar medium (CSM) are
classi�ed as Type IIn (Schlegel 1990), while those whose spec-
tra are dominated by narrow or intermediate-width He I lines are
classi�ed as Type Ibn (Pastorello et al. 2008, 2016; Hosseinzadeh
et al. 2017).

Signatures of major instabilities in the last stages of life of very
massive stars are frequently observed. These nonterminal erup-
tions are usually labelled as �SN impostors� (Van Dyk et al. 2000;
Maund et al. 2006). Although they do not necessarily herald termi-
nal SN explosions on short time-scales, such eruptions have been
detected from a few weeks to years before the SN in some cases.
A seminal case is the Type Ibn SN 2006jc, which had a luminous
outburst two years before the �nal explosion (Foley et al. 2007;
Pastorello et al. 2007). Moderate-intensity pre-SN outbursts were
also likely observed in more canonical stripped-envelope SNe
(Corsi et al. 2014; Strotjohann et al. 2015). More common is the ev-
idence of pre-SN bursts from Type IIn SN progenitors (e.g. Fraser
et al. 2013b; Ofek et al. 2014). Pre-SN outbursts were well ob-
served in two Type IIn events: SN 2009ip (Fraser et al. 2013a,
2015; Mauerhan et al. 2013a, 2014; Ofek et al. 2013b; Pastorello
et al. 2013a; Smith et al. 2013; Graham et al. 2014, 2017; Margutti
et al. 2014; Smith, Andrews & Mauerhan 2016b) and SN 2015bh
(Elias-Rosa et al. 2016; Goranskij et al. 2016; Ofek et al. 2016;
Th¤one et al. 2017). Both sources had historical light curves with
signatures of erratic variability over time-scales of years (SN im-
postor phase), followed by two luminous outbursts separated by a
few weeks. In each case, the �rst outburst (labelled as �Event A�) had
an absolute magnitude MR � �15 mag, and the second one (�Event
B�) was brighter, approaching or exceeding MR � �18 mag. From a
careful inspection of the light curve of SN 2009ip after the Event B
maximum, Graham et al. (2014) and Martin et al. (2015) noted lu-
minosity �uctuations consistent with the ejecta colliding with CSM
shells produced during the earlier eruptive phase.

Light curves with two outbursts were also observed in SN 2010mc
(Ofek et al. 2013a) and LSQ13zm (Tartaglia et al. 2016). These
transients were discovered in relatively distant galaxies, and their
previous SN-impostor-phase variability would have been too faint
to be observed by existing surveys. Two Type IIn events, SNhunt151
(Pastorello et al. 2013b) in UGC 3165 and SN 2016jbu in NGC 2442
(Bose et al. 2017; Fraser et al. 2017), exhibited double-outburst light
curves, and evidence of the progenitor�s variability in previous years
(Elias-Rosa et al. 2017; Kilpatrick et al. 2017). A pre-SN outburst
and a complex, bumpy light curve were also observed in the Type
IIn SN iPTF13z (Nyholm et al. 2017). In addition, OGLE-2014-SN-

173 and SN 2016cvk were proposed as SN 2009ip-like candidates
(Walton et al. 2015; Brown et al. 2016).

Even accounting for these recent discoveries, pre-SN outbursts
have been directly detected only occasionally. Nonetheless, based
on the Palomar Transient Factory (PTF) sample control time and
coadding images in multiple-day bins to go deeper than the nominal
limiting magnitude of the survey, Ofek et al. (2014) claim that these
events are quite frequent, but in most cases below the detection
threshold of individual pre-explosion images. This likely explains
the lack of precursor outburst detections in the sample of SNe
IIn of the Katzman Automatic Imaging Telescope survey (Bilinski
et al. 2015).

Some authors (e.g. Pastorello et al. 2013a; Th¤one et al. 2017)
have noted the resemblance of the impostor phase of SNe 2009ip
and 2015bh to the erratic variability exhibited by the SN impostor
NGC3432-LBV1 (also known as SN 2000ch; Wagner et al. 2004;
Pastorello et al. 2010) over the last two decades. This is in fact an
excellent candidate to become another SN 2009ip analogue, perhaps
within a human lifetime.

In this context, a new SN 2009ip-like event is important for im-
proving our understanding of these unusual explosions. SN 2016bdu
was discovered on 2016 May 24.43 UT (JD = 245 7532.93; UT dates
are used throughout this paper) by the PanSTARRS-1 (PS1) Survey
for Transients (PSST)1 (Huber et al. 2015; Chambers et al. 2016) at
� = 13h10m13.s95, � = +32�31�14.��07 (J2000.0). The SN candidate
exploded in the very faint (g = 21.19, r = 20.94 mag) galaxy SDSS
J131014.04+323115.9. The SN is clearly offset by 2.1 arcsec from
the centre of its host in the PS1 images. The All-Sky Automated
Survey for Supernovae (ASAS-SN; Shappee et al. 2014) detected
the object again on 2016 May 29.38, and soon thereafter it was
classi�ed by the 2.56 m Nordic Optical telescope (NOT) Unbiased
Transient Survey (NUTS)2 collaboration (Mattila et al. 2016) as a
Type IIn SN (Terreran et al. 2016a).

Terreran et al. (2016a) noted that the transient was offset by
2.6 arcmin (hence about 57 kpc) from the centre of a relatively
large, edge-on spiral galaxy, UGC 08250. This galaxy has a redshift
z = 0.0176 (Courtois & Tully 2015; Garcia-Benito et al. 2015).
For H0 = 73 km s�1 Mpc�1, �M = 0.27, and �� = 0.73, the lu-
minosity distance of dL = 73.3 Mpc and the distance modulus of
µ = 34.33 mag. If we correct for Local Group infall into Virgo
(vVir = 5474 km s�1), we infer a slightly larger luminosity distance
of dL,Vir = 76.1 Mpc (µVir = 34.41 mag). We will assume that the
faint host of SN 2016bdu (SDSS J131014.04+323115.9) is associ-
ated with UGC 08250 (see Fig. 1). From the position of the peaks
of the most prominent narrow emission lines in the transient�s spec-
tra, we estimate the redshift of SDSS J131014.04+323115.9 to be
z = 0.0173 – 0.0002 (dL = 72.0 Mpc and µ = 34.29 mag), con-
sistent with this association. We adopt the Virgo-infall-corrected
distance modulus for this redshift of µVir = 34.37 – 0.15 mag.

The nondetection of the interstellar Na I doublet (Na I D) absorp-
tion lines at the redshift of SDSS J131014.04+323115.9 suggests
that there is negligible reddening due to the host galaxy; hence,
we adopt only the Milky Way contribution E(B � V) = 0.013 mag
(Schla�y & Finkbeiner 2011) as the total interstellar extinction
towards SN 2016bdu. Given these distance and reddening esti-
mates, SDSS J131014.04+323115.9 has a total absolute magnitude
Mg = �13.23 mag, and an intrinsic colour of g � r = 0.23 mag.
This makes the galaxy hosting SN 2016bdu much less luminous

1 Oddly, the temporary PSST name, PS16bdu, recalled the �nal International
Astronomical Union designation.
2 http://csp2.lco.cl/not/.
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Figure 1. SN 2016bdu and the surrounding stellar �eld. The large, edge-on
spiral galaxy visible in the bottom-left corner is UGC 08250. Sloan r-band
image taken on 2016 February 29 with the NOT and the ALFOSC camera.
A detail showing the host galaxy and the SN is in the upper-left corner.

than the Magellanic Clouds, possibly suggesting that SN 2016bdu
exploded in a low-metallicity environment.

The structure of this paper is as follows. In Section 2, we present
photometric and spectroscopic observations of SN 2016bdu, Sec-
tion 3 discusses plausible scenarios to explain the sequence of out-
bursts experienced by the SN 2016bdu progenitor, and a summary
follows in Section 4.

2 OBSERVATIONS

Soon after the discovery, our inspection of archival images revealed
that the pre-discovery photometric evolution of the stellar precursor
of SN 2016bdu resembled that of SN 2009ip. For this reason, we
decided to initiate an extensive follow-up campaign in the optical
and near-infrared (NIR) domains.

The optical and NIR data were obtained with the NOT us-
ing ALFOSC and NOTCam, the 2.0 m Liverpool Telescope (LT)
using IO:O, the 10.4 m Gran Telescopio Canarias (GTC) using
OSIRIS, the 1.82 m Copernico Telescope using AFOSC, and the
1.5 m Tillinghast Telescope using the FAST spectrograph. Addi-
tional photometry was obtained using a Meade 10 arcsec LX-200
Schmidt�Cassegrain Telescope with an Apogee AP-47 CCD cam-
era located near Bennett (Colorado, USA), and the 0.51 m Iowa
Robotic Telescope of the Winer Observatory (in southern Arizona,
USA), equipped with a cooled, back-illuminated 1024 × 1024 pixel
CCD sensor. Further photometry (including archival data) was
later provided by ASAS-SN3 (Shappee et al. 2014), PSST4

(Huber et al. 2015), the Catalina Real-Time Transient Survey5

3 The survey uses four 14 cm �Brutus� robotic telescopes located in the
Haleakala station (Hawaii, USA) of the Las Cumbres Observatory Global
Telescope (LCOGT) network.
4 PSST uses the PS1-1.8 m telescope (Chambers et al. 2016), which has a
7 deg2 �eld of view, with a mosaic CCD camera, operating on Haleakala in
the island of Maui, Hawaii, USA.
5 The survey uses the 0.7 m Schmidt Telescope of the Bigelow Station, and
has an archive covering about 13 yr of observations.

(CRTS; Drake et al. 2009; Djorgovski et al. 2012), and the As-
teroid Terrestrial-impact Last Alert System (ATLAS)6. Additional
R-band data were provided by the PTF second data release (Law
et al. 2009; Ofek et al. 2012), from the Infrared Processing and
Analysis Center7 (Laher et al. 2014). Finally, a few photometric
epochs from 1998 to 2003 calibrated in the Johnson�Bessell V-
band magnitude scale were obtained from images taken by the Near
Earth Asteroid Tracking (NEAT) programme, and retrieved through
the SkyMorph GSFC website.8

2.1 Photometry

The science images were �rst reduced using IRAF.9 These pre-
liminary operations included overscan, bias, and �at-�eld correc-
tions, for both imaging and spectroscopy. The magnitudes of SN
2016bdu were measured using a dedicated package (SNOoPY;
Cappellaro 2014) that performs point-spread-function (PSF) �tting
photometry on the original or the template-subtracted images. Since
the SN �eld falls in the sky area mapped by the Sloan Digital Sky
Survey (SDSS), we identi�ed a sequence of reference stars, and
measured nightly zero-points and instrumental colour terms. These
were used to accurately calibrate the SN magnitudes on the different
nights. The Johnson�Bessell B and V magnitudes of the reference
stars were computed from the Sloan magnitudes following the rela-
tions of Chonis & Gaskell (2008). PTF R-band data were converted
to the Sloan r-band photometric system using magnitudes of com-
parison stars taken from the SDSS catalogue, while un�ltered data
were scaled to Sloan r-band magnitudes. NIR images from NOT-
Cam were reduced using a slightly modi�ed version of the IRAF

package NOTCam v.2.5,10 and photometric measurements were
performed after the subtraction of the luminous NIR sky. The instru-
mental SN magnitudes were calibrated using the 2MASS catalogue
(Skrutskie et al. 2006). Final SN magnitudes are listed in
Tables A1, A2, and A3 of Appendix A.

As shown in Fig. 2, the light curve of SN 2016bdu has two
main brightening events, similar to other SN 2009ip-like transients.
In analogy with the labelling adopted for SN 2009ip (Pastorello
et al. 2013a), the nonmonotonic brightening observed in the light
curve from about four months before the discovery of SN 2016bdu
is named Event A. We note that Event A of SN 2009ip is different,
having a much shorter duration and a monotonic rise to the maxi-
mum. In SN 2016bdu, Event A reaches a peak of r = 19.1 – 0.2 mag
(on JD = 245 7509 –6, obtained through a low-order polynomial
�t) in about three months. Then the luminosity slightly declines to
r = 19.44 – 0.25 mag, before rising again to the second peak (Event
B) that is reached about one month later (on JD = 245 7541.5 –1.5).
The maximum magnitude of Event B is r = 16.37 – 0.03 mag. The
V-band peak of Event B is reached on JD = 245 7540.9 – 1.8, with
V = 16.46 – 0.03 mag. After maximum, the light curve declines
rapidly for about one month, more slowly between days 30 and
60 past-peak, and �nally the decline rate increases again during

6 This survey uses two 0.5 m wide-�eld telescopes on Mauna Loa and
Haleakala in Hawaii, USA (Tonry 2011), one of which is operational.
7 http://www.ipac.caltech.edu/; the PTF survey used the 1.2 m Oschin
Telescope at Palomar Observatory equipped with a 7.8 deg2 CCD array
(CFH12K).
8 http://skyview.gsfc.nasa.gov/skymorph/skymorph.html
9 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
under a cooperative agreement with the National Science Foundation.
10 http://www.not.iac.es/instruments/notcam/guide/observe.
html#reductions
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Figure 2. Multi-band light curves of SN 2016bdu. The most recent pre-
discovery observations are also shown. The phases are computed with re-
spect to the Sloan r-band maximum of Event B (JD = 245 7541.5; see the
text). The epochs of the peaks of Events A and B are indicated. The BVJHK
data are in the Vega magnitude system, and the Sloan ugriz data are in the
AB magnitude system. The dotted line connects r-band data, and reveals
�uctuations in the light curve during Event A and in the post-peak decline
from Event B.

the last month covered by our photometric campaign. This trend is
observed both in the optical and NIR bands. As mentioned before,
low-contrast undulations are observed in all bands during Event A
(see Fig. 2), and when the light curve declines after the peak of
Event B. Similar behaviour was observed in SN 2009ip (Graham
et al. 2014; Martin et al. 2015) and interpreted as signatures of ejecta
colliding with previously ejected circumstellar shells.

In this context, it is worth noting that some sparse detections of
a source at the position of SN 2016bdu have occurred over a pe-
riod of several years before the SN (see Table A2). A few marginal
detections in CRTS images are registered from 2005 to 2008. We
note that they are 0.3�0.5 mag brighter than the host-galaxy magni-
tude (r = 20.94 mag; this is fainter than the typical detection limits
of individual CRTS images). A source is also visible near the SN
position in 2009 April�June, although the magnitudes in the PTF
images (r � 21.1�21.3 mag) are consistent (within the uncertain-
ties) with that of the host galaxy. From about four years before the
SN discovery, there is a set of clear detections, with the source well
resolved in the host galaxy in several PS1 images: in 2012 January�
April (r = 20.20 – 0.25 mag), March 2014 (g = 21.63 – 0.17,
i = 21.44 – 0.29 mag), and 2015 April�May (r = 20.1 – 0.4 mag).
Finally, there are repeated detections, starting in 2016 January, be-
fore the rise to the Event A peak. The pre-discovery data are shown
in Fig. 3. Unfortunately, in most images collected from CRTS,
the source is below the instrumental detection threshold. However,
the object is detected in the deeper PS1 and PTF images, indicat-
ing that the object was in outburst (with absolute magnitude MR
ranging from �13 to �14 mag), and was characterized by erratic
variability. The peak magnitudes of these pre-discovery images of
SN 2016bdu are comparable with those of the brightest outbursts of

Figure 3. Left-hand panel: pre-discovery Sloan r-band images of the location of SN 2016bdu obtained with PS1 on 2012 April 16 (top left, A), 2014 February
21 (top right, B), 2016 January 31 (bottom left, C), 2016 February 28 (bottom right, D), with the transient being at different luminosities. Right-hand panel,
top: comparison of the pre-discovery absolute r-band light curve of SN 2016bdu with the R-band light curves of the impostor SN 2000ch and the pre-explosion
variability of SN 2009ip. Right-hand panel, bottom: r-band magnitude variability of the transient in SDSS J131014.04+323115.9 before its discovery. The
magnitudes corresponding to the images on the left are marked with uppercase letters.
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