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The	  hunt	  for	  telluric	  eruptions...
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Stellar	  eruptions
• Eta Car: outbursts every ~300y? 

• Precursors in IIn SNe are common, esp. 
in the year before SN (Ofek et al. 2014)

• Possibly in IIb (Strotjohann et al .2015) and Ic 
(Corsi et al. 2013)?

• Narrow lines in early „flash-
spectroscopy“ connected to CSM?

Ancient eruptions of ! Car 9

Figure 7. Vectors illustrating the observed proper motions of 792 features in the ejecta of ! Car. The arrows are color-coded by the date of ejection from the
central star, calculated assuming constant velocity. The region contaminated in the ACS images by bleeding from the highly saturated Homunculus is marked;
features in this region were measured in WFPC2 data only. The background image is the same as in Figure 1.

ridge, and W arc, where we have measured a mix of ages for the
dense optical ejecta. Extremely fast ejecta, with radial speeds of up
to ! 3000 km s"1, have been detected close to the E condensations
and coincident with the X-ray shell (Smith & Morse 2004; Smith
2008). As described in Section 2.2, this very fast material, originat-
ing from the Great Eruption in the nineteenth century, is Doppler-
shifted out of the narrowband filters used here and is not detected
in our images. It is presumably interacting with or approaching the
denser, slower blobs measured in this paper. Additional spectral
mapping of the outer ejecta is needed to explore the full distribu-
tion of the high-velocity material and its relationship to the soft
X-ray emission.

Given the limits on the deceleration that we measured for the
knots in the E condensations, we can roughly estimate their relative
density compared to the very fast ejecta. Over 21 years of HST
observations, the features in the E condensations change velocity
by an average of -0.1 ± 1.2 km s"1 yr"1 (consistent with zero).
Assuming that the collision between ejecta is fully inelastic and that
momentum is conserved, the observed E condensations are thus
10–104 times denser than the impacting very fast ejecta, depending
on the timescale over which the fast ejecta decelerate.

Returning to Figure 11, note that there is no spatial correla-
tion between the sixteenth-century ejecta and the soft X-ray emis-
sion. The SE arc falls in the X-ray gap, and the northern ejecta
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FIG. 13.— The PTF R-band light curve of PTF 12cxj. Filled circles denote
individual measurements, while filled boxes mark binned measurements. The
empty triangles show 4σ upper limits. The bin size is 2 days prior to the SN
explosion. The minimum number of measurements in each bin is 4.
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FIG. 14.— The light curve of PTF 12cxj shows two possible precursors
(based on multiple consecutive detections, where single detections are ig-
nored). The upper limits corresponds to 4σ bounds calculated in 2 day bins.
Extrapolation of the light curve, based on a t2 law (gray line), suggests that
the detections visible at around !10 days took place before the SN explosion
(see also Figure 4). Furthermore, there is a deep nondetection between these
detections and the assumed time of the SN explosion. We note that even if we
remove this event from our sample, the rate of precursors does not changed
by much, and the correlations (Fig. 19) are still detected.

to SN 2011dh; Arcavi et al. 2011).
As before, Figure 15 shows another version of the precur-

sor light curve, with all of the individual flux measurements,
along with flux measurements in random positions on nearby
galaxies and the same host galaxy.

The second candidate precursor is detected " 700 days
prior to the SN explosion, and it is also based on two marginal
detections separated by about two weeks. If real, the peak ab-
solute R-band magnitude of this precursor is about !13.

For all of the SNe in our sample, we also calculated the au-
tocorrelation function of the flux residuals prior to trise. The
only SNe which exhibited significant (at the 3σ level) auto-
correlation at lag one (i.e., corresponding to two successive
measurements) are PTF 12cxj (4.7σ ) and PTF 10tel (3.2σ ).
Figure 16 presents the discrete autocorrelation function (Edel-
son & Krolik 1988) of all the flux residuals of PTF 12cxj,
measured before trise. The figure shows significant autocor-
relation on time scales of a few days to ten days. This may
indicate that the flux residuals are not pure uncorrelated noise,
but contain a fraction of the progenitor light. Moreover, it is
possible that the progenitor is variable on time scales of a few
days. An alternative explanation to the variability is that this

FIG. 15.— Like Figure 11, but for PTF 12cxj.
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FIG. 16.— The discrete autocorrelation function (Edelson & Krolik 1988)
of the flux residuals of PTF 12cxj, taken before trise. In order to calculate
the autocorrelation function we use time bins of 3 days . The dotted hori-
zontal lines represent the lower and upper 3σ bounds, estimated assuming
σ # 1/

$
N, where N is the number of measurements in each time bin.

signal is caused by the lunar synodic period (i.e., the limit-
ing magnitude is better during dark time). Nevertheless, this
means that the progenitor of PTF 12cxj is likely detected in
several binned images, and that its absolute R-band magni-
tude is about !13, brighter even than the possible progenitor
of SN 2010jl/PTF 10aaxf (Smith et al. 2011). Given the de-
tection of a signal in the autocorrelation, we consider the two
precursor events as real, and their properties are listed in Ta-
ble 4.

6. CONTROL TIME
In order to calculate the rate of SN precursors, we need to

estimate the “control time” — that is, for how long each SN
location was observed (prior to its explosion) to a given lim-
iting magnitude. Table 5 lists, for each SN, the time bin win-
dows (of 15 days) prior to the SN explosion and the 5σ sensi-
tivity depth at each window for bins with more than five mea-
surements (second channel), or the median 6σ limiting mag-
nitude at windows with fewer than six measurements (first
channel).

To calculate the control time as a function of absolute mag-
nitude, we sum over all the SNe the number of time bins (in
Table 5) in which the limiting absolute magnitude is deeper
than the absolute magnitude of interest, and multiply by the
bin size (i.e., 15 days). Figure 17 displays the sample cumula-
tive control time as a function of absolute R-band magnitude.

PTF12cxj
(Ofek et al. 15)

Kimiki et al. 2016



Stellar	  eruptions:	  2009ip
• Multiple outbursts 2009-2012

precursor + main event/explosion?

• SN far from the host

• Complex CSM (from pre-explosion outbursts?)

The Astrophysical Journal, 787:163 (16pp), 2014 June 1 Graham et al.

Figure 1. Past eruptions of SN 2009ip as presented in Pastorello et al. (2013)
and reproduced here for context. Lines connect the data points to guide the eye
but do not represent continuous photometric monitoring.

MR = !17.5. The outbursts before and after this temporary
fading are referred to as the 2012-A and 2012-B events (see
Figure 1). At the time of rebrightening, the broad component of
the Balmer lines disappeared, and only the narrow Lorentzian
component remained. SN 2009ip then resembled a SNe IIn, in
which emission is dominated by the interaction of SN ejecta
with the CSM. Based on their data, JM13 concluded that the
2012-A event of SN 2009ip was the core collapse of an LBV
star during an outburst, and that the 2012-B event was caused by
the fast-moving ejecta interacting with the CSM. This conclu-
sion was supported by Prieto et al. (2013), who present a densely
time-sampled optical light curve from the start of the 2012-B
event and find that the rapid rise and bolometric luminosity are
similar to other SNe IIn.

The interpretation of SN 2009ip as an SN IIn was challenged
by Pastorello et al. (2013, hereafter AP13), who present 3 yr of
monitoring of SN 2009ip; we have included their photometry for
context in Figure 1. They find that spectra from 2011 September
24 also exhibit material at velocity "13,000 km s!1, showing
for the first time that nonterminal explosions can create such fast
ejecta and calling into question the SN diagnosis for SN 2009ip.
Instead, AP13 suggest the 2012 activity of SN 2009ip was
caused by a pair-instability event during 2012-A, with the 2012-
B event caused by ejecta material colliding with the CSM. The
scenario of AP13 is fundamentally different from JM13 because
the star is not destroyed. This hypothesis is supported by the
analysis of Fraser et al. (2013, hereafter MF13), who find a
very low upper limit of 0.02 M# on the mass of any synthesized
material (e.g., 56Ni). A similar inference is made by Margutti
et al. (2014, hereafter RM14), who analyze extensive multi-
wavelength observations for SN 2009ip’s 2012 activity and
conclude that the events were not caused by a core collapse
but that the true physical mechanism behind the explosive
ejection in the LBV’s envelope could not, at that time, be fully
distinguished. A full analysis, including late-time observations
of SN 2009ip by Smith et al. (2014, hereafter NS14), finds
that the broad component of H!, first announced in Smith
& Mauerhan (2012), persisted throughout the 2012-B event,
indicating that a significantly more energetic explosion had
occurred than considered by RM14. They also find that the
late-time spectrum of SN 2009ip no longer resembles an LBV.
Combined, the observations of NS14 lead them firmly to the
conclusion that a terminal SN explosion had occurred.

This paper presents new, densely time-sampled photometry
and spectroscopy for SN 2009ip from the Las Cumbres Ob-
servatory Global Telescope Network (LCOGT.net) and other
facilities at which we were observing classically at the time.
LCOGT is a new system of robotic telescopes dedicated to time
domain astrophysics. Telescopes of 1 and 2 m diameter are dis-
tributed at five sites around the world, and observation requests
are optimized and automatically executed by a real-time adap-
tive scheduler. Instrumentation includes identical imagers with
a full suite of filters on all telescopes and one robotic spectro-
graph (FLOYDS) on each of the two 2 m Faulkes Telescopes.
The distributed aspect of LCOGT makes it flexible, respon-
sive, and unhindered by weather or sunrise. New astrophysical
transients are followed as soon as possible for classification
and can be reliably monitored on any desired timescale. The
LCOGT Network, presented in depth by Brown et al. (2013),
currently features the following facilities: McDonald Observa-
tory, Texas USA (one 1 m); Haleakala Observatory, Hawaii (one
2 m+FLOYDS); Sutherland, South Africa (three 1 m); Cerro
Tololo, Chile (three 1 m); and Siding Spring, Australia (two 1 m
and one 2 m+FLOYDS).

The 2012–2013 activity of SN 2009ip is one of the first
astrophysical transients followed with the LCOGT 1 m network
and is a great example of the science potential from the
combination of reactive follow-up and long-term monitoring
with a network that includes photometric and spectroscopic
capabilities. The quality, quantity, and extent of these data
allow us to provide new insight to the controversial physical
interpretation of SN 2009ip, especially during its extended
slow decline. In Section 2, we present the observations; in
Sections 3 and 4, we interpret the photometry and spectroscopy,
respectively, and discuss the results in context with the ongoing
debate about the true physical nature of SN 2009ip before
concluding in Section 5. A flat cosmology with !M = 0.27
and !" = 0.73 is assumed throughout.

2. OBSERVATIONS

Here, we present the photometric and spectroscopic ob-
servations of SN 2009ip obtained with the imaging cam-
eras and FLOYDS spectrograph on the LCOGT 1 and 2 m
telescopes, the Goodman Spectrograph on the 4 m Southern
Astrophysical Research (SOAR) Telescope at Cerro Pachon,
the Ritchey–Chretien (RC) Spectrograph on the Mayall 4 m
telescope at Kitt Peak National Observatory (KPNO), and the
Gemini Multi-Object Spectrograph on the 8 m Gemini South
Telescope.

2.1. LCOGT 1.0 m and 2.0 Photometry

Photometric monitoring of SN 2009ip began on 2012 Septem-
ber 22 with the spectral camera on Faulkes Telescope South
(FTS, Siding Spring Observatory, Australia) in filters g$r $i $.
The spectral camera is a 4096 % 4096 pixel Fairchild CCD
with a 10.$5 field of view. As Faulkes South monitored the rise
of SN 2009ip, LCOGT’s first three southern 1 m telescopes
arrived on site at Cerro Tololo Inter-American Observatory in
Chile. Photometric monitoring of SN 2009ip from CTIO began
when the telescopes were operational, about one month later
on UT 2012 October 21, with the first generation deployment
camera: SBIG CCDs with a 15$ field of view. In Figure 2, we
show one of the first LCOGT r $ images of SN 2009ip, and in
Figure 3, we show the full LCOGT light curve, indicating the
point at which the CTIO 1.0 m came online. We monitored
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Figure 1. Hubble Space Telescope (HST) preexplosion image acquired in 1999
(Program 6359; PI: Stiavelli). The location of the progenitor of SN 2009ip is
marked by an arrow. SN 2009ip exploded in the outskirts of its host galaxy
NGC 7259 at an angular distance of !43.""4 from the host center, corresponding
to !5 kpc.
(A color version of this figure is available in the online journal.)

1. INTRODUCTION

Standard stellar evolutionary models predict massive stars
with M ! 40 M# to spend half a Myr in the Wolf-Rayet phase
before exploding as supernovae (SNe; e.g., Georgy et al. 2012
and references therein). As a result, massive stars are not ex-
pected to be H rich at the time of explosion. Yet, recent obser-
vations have questioned this picture, revealing the limitations
of our current understanding of the last stages of massive star
evolution and in particular the uncertainties in the commonly as-
sumed mass-loss prescriptions (Humphreys & Davidson 1994;
Smith & Owocki 2006). Here, we present observations from
an extensive, broadband monitoring campaign of SN 2009ip
(Figure 1) during its double explosion in 2012 that revealed
extreme mass-loss properties, raising questions about our
understanding of the late stages of massive star evolution.

An increasingly complex picture is emerging connecting SN
progenitor stars with explosion properties. The most direct
link arguably comes from the detection of progenitor stars
in preexplosion images. These efforts have been successful
connecting Type IIP SNe with the death of red supergiants
(M ! 8–15 M#; Smartt 2009). However, massive progenitor
stars have proven to be more elusive (e.g., Kochanek et al. 2008):
SN 2005gl constitutes the first direct evidence for a massive
(M > 50 M#) and H rich star to explode as a core-collapse
SN, contrary to theoretical expectations (Gal-Yam et al. 2007,
2009).

SN 2005gl belongs to the class of Type IIn SNe (Schlegel
1990). Their spectra show evidence for strong interaction
between the explosion ejecta and a dense circumstellar medium
(CSM) previously enriched by mass loss from the progenitor
star. In order for the SN to appear as a Type IIn explosion, the

34 L. Chomiuk is a Jansky Fellow of the National Radio Astronomy
Observatory.

mass loss and the core collapse have to be timed, with mass
loss occurring in the decades to years before the collapse. This
timing requirement constitutes a further challenge to current
evolutionary models and emphasizes the importance of the
progenitor mass loss in the years before the explosion in
determining its observable properties.

Mass loss in massive stars can either occur through steady
winds (on typical timescales of 104–107 yr) or episodic outbursts
lasting months to years, as it occurs in luminous blue variable
(LBV) stars. The LBV evolutionary state has a typical duration
of !104 yr, and it is characterized by eruptions on timescales
of years to decades (see Humphreys & Davidson 1994 for a
review). Based on the luminosity of the progenitor star, Gal-Yam
et al. (2009) report that the progenitor of SN 2005gl was likely
an LBV, thus supporting a connection between SNe IIn and
LBVs.35 On the other hand, there are controversial objects like
SN 1961V, highlighting the present difficulty in distinguishing
between a giant eruption and a genuine core-collapse explosion
even 50 yr after the event (e.g., Van Dyk & Matheson 2012;
Kochanek et al. 2011). The dividing line between SNe and
impostors can be ambiguous.

Here we report on our extensive multiwavelength campaign
to monitor the evolution of SN 2009ip, which offers an unpar-
alleled opportunity to study the effects and causes of significant
mass loss in massive stars in real time. Discovered in 2009
(Maza et al. 2009) in NGC 7259 (spiral galaxy with bright-
ness MB ! $18 mag; Lauberts & Valentijn 1989), it was first
mistaken as a faint SN candidate (hence the name SN 2009ip).
Later observations by Miller et al. (2009), Li et al. (2009), and
Berger et al. (2009a) led these authors to associate the variable
behavior of SN 2009ip to an LBV state. Preexplosion Hubble
Space Telescope (HST) images constrain the progenitor to be
a massive star with M ! 60 M# (Smith et al. 2010b; Foley
et al. 2011), consistent with an LBV nature. The same studies
showed that SN 2009ip underwent multiple explosions in rapid
succession in 2009. Indeed, a number of eruptions were also
observed in 2010 and 2011: a detailed summary can be found
in Levesque et al. (2012), and a historic light-curve is presented
by Pastorello et al. (2013). Among the most important findings
is the presence of blue-shifted absorption lines corresponding
to ejecta traveling at a velocity of 2000–7000 km s$1 during the
2009 outbursts (Smith et al. 2010b; Foley et al. 2011), extend-
ing to v ! 13, 000 km s$1 in 2011 September (Pastorello et al.
2013).

Velocities this large have never been associated with
LBV outbursts and giant LBV-like eruptions to date. These
high-velocity features have been observed in (1) SN explosions
or (2) might result from blast waves from successive “failed
SNe” (nuclear eruptions) or (3) might arise from shocks that
are not connected with a SN or failed SN (i.e., nonnuclear
eruptions). This last possibility was suggested for the Type IIn
SN 2011ht by Humphreys et al. (2012) and might also apply to
the giant eruption of !-Carinae (e.g., Davidson & Humphreys
2012).

SN 2009ip rebrightened again on 2012 July 24 (Drake et al.
2012), only to dim considerably !40 days afterward (hereafter
referred to as the 2012a outburst). The reappearance of high-
velocity spectral features was first noted by Smith & Mauerhan

35 Note, however, that, strictly speaking, a direct observational link between
SNe and LBVs would require the detection of LBV-like variability (see
Humphreys & Davidson 1994) of the progenitor star in the years preceding
the SN.
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Figure 13. Black solid line: the best-fitting SED model obtained at tpk!4.5 days,
which clearly shows the presence of the “hot” (red line) and “cold” (blue line)
components in the spectrum.
(A color version of this figure is available in the online journal.)

Type IIn SNe and LBVs (see, e.g., SN 2010jl, Smith et al.
2012).

4. Narrow He i lines weaken with time (Figure 17); He i later
reemerges with the intermediate component only.

5. Fe ii features reemerge and later develop P Cygni profiles.
6. Emission originating from Na i D is detected (Figure 17).
7. A broad near-infrared Ca ii triplet feature typical of

Type IIP SNe develops starting around 2012 November 15
(Figure 18).

8. More importantly, SN 2009ip progressively develops broad
absorption dips that have never been observed in LBV-like
eruptions, while this is typical of a variety of SN explosions
(Figure 17). Broad absorption dips disappear "200 days
after peak (Figure 30).

9. At "100 days after peak, emission from forbidden transi-
tions (see, e.g., [Ca ii] !!7291, 7324 in Figure 6) starts to
emerge.

10. Limited spectral evolution is observed between tpk +
100 days and tpk + 200 days (when SN 2009ip reemerges
from the Sun constraint). However, absorbtion features
migrated to lower velocities.

Each of the items above is discussed in detail in the following
subsections.

4.1. Evolution of the H i Line Profiles

The H" line profile experienced a dramatic change in mor-
phology. Figure 14 shows the H" line at representative epochs:
at any epoch the H" line has a complex profile resulting from the
combination of a narrow component (FWHM < 1000 km s!1),
intermediate/broad width components (FWHM > 1000 km s!1)
and blue absorption features with clearly distinguished velocity
components. Emission and absorption components with sim-
ilar velocity are also found in the H# and H$ line profiles
(Figure 15). The evolution of the line profile results from
changes in the relative strengths of the different components in
addition to the appearance (or disappearance) of high-velocity
blue absorption edges (Figure 16). The most relevant spectral
changes are detailed below.

Figure 14. Evolution of the H" line profile with time. Orange dashed line: emission components. Blue dot-dashed line: absorption components. Red thick line:
composite line profile. The vertical blue lines mark the velocity of the absorption components.
(A color version of this figure is available in the online journal.)
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SN	  2015bh	  (SNhunt	  275/PTF13evf)	  
in	  NGC	  2770	  (26	  Mpc)

LBV

HST Jan. 2008

GTC
Nov. 2013

• LBV outburst discovered by PTF in Dec. 2013
unpublished!
➔ serendipitous spectra from Nov. 2013!

• SN hunt reports transient in Feb. 2015
classified as IIn/impostor
(ATEL Elias-Rosa et al.)

• Follow-up campaign by 0.9/1.5m OSN

• May 16, 2015:
Massive rebrightening



Light-‐curve
• Variable since at least 1994

• Precusor 40 days before the „main event“

• Standard SN lightcurve with linear decay, flattening >100 days

• no X-rays or radio detection

main event
precursor

LBV phase



Spectral	  evolution

Doppler velocity [103 km s−1]
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Properties	  of	  the	  ejecta

     

1042

1043

Bo
lo

m
et

ric
 lu

m
in

os
ity

in
 1

042
 e

rg
/s

     
2

4

6

8

10

ra
di

us
 in

 1
014

 c
m

2300 km/s
880 km/s

-10 0 10 20 30
days from maximum of main event

5

10

15

20

T 
in

 1
03  K

660 K/day 150 K/day

10 Elias-Rosa et al.

Table 2. Main parameters as inferred from the spectra of SN 2015bh. The velocities are computed from the decomposition of the H!
profile.

Date MJD Phase Temperaturea Radius FWHMH!,nar FWHMH!,br vP!Cy1 vP!Cy2 LuminosityH! EWH!
a

(days) (K) (" 1015 cm) (km s!1) (km s!1) (km s!1) (km s!1) (" 1039 erg s!1) Å

20150209 57062.97 !103.3 6724 0.13 (0.02) 1493 (311) 6037 (648) 979 (226) - 1.48 (0.56) 400 (80)
20150214 57067.07 !99.2 6477 0.15 (0.03) 932 (309 ) 4515 (813) 633 (412) - 1.54 (0.56) 336 (67)
20150214 57067.88 !98.4 6627 0.14 (0.02) 1011 (280) 4768 (517) 664 (349) - 1.55 (0.56) 335 (67)
20150311 57092.37 !73.9 6815 0.18 (0.03) 876 (260) 3921 (401) 746 (244) - 1.49 (0.56) 310 (62)
20150326 57107.95 !58.3 6588 0.20 (0.03) 965 (235) 3834 (263) 681 (232) - 2.31 (0.61) 250 (50)
20150327 57108.93 !57.3 6890 0.18 (0.03) 1180 (448) 3709 (352) 675 (410) - 2.17 (0.60) 255 (51)
20140424 57136.00 !30.3 6085 0.27 (0.05) 961 (292) 2908 (317) 659 (276) - 1.96 (0.59) 150 (30)
20150508 57150.90 !15.4 5800 0.27 (0.05) 1388 (363) 2625 (409) 685 (246) - 1.26 (0.54) 110 (22)
20150516 57158.96 !7.3 10574 0.47 (0.07) 1020 (327) 3890 (534) - - 8.48 (1.32) 75 (15)
20150517 57159.90 !6.4 10682 0.50 (0.07) 1410 (210) 2894 (272) - - 11.65 (1.75) 72 (14)
20150520 57162.84 !3.4 11890 0.39 (0.06) 1388 (316) 1682 (645) - - 18.06 (2.64) 68 (14)
20150525 57167.91 1.6 9780 0.65 (0.10) 1154 (264) 2820 (354) - 2255 (763) 11.12 (1.68) 55 (11)
20150609 57182.89 16.6 6535 1.07 (0.24) 1193 (366) 2952 (866) 830 (292) 1925 (634) 9.78 (1.49) 56 (11)
20150618 57191.90 25.6 6154 1.04 (0.21) 1113 (235) 3951 (408) 935 (216) 2184 (241) 5.94 (0.99) 53 (11)

FWHMblue FWHMcore FWHMred vP!Cy2
(km s!1) (km s!1) (km s!1) (km s!1)

20151003 57298.78 132.5 - - 1471 (345) 1075 (398) 636 (355) 1850 (330) 2.19 (0.60) 900 (180)
20151105 57332.04 165.8 - - 1368 (326) 1442 (397) 982 (251) - 2.11 (0.60) 950 (190)
20151113 57339.95 173.7 - - 1334 (330) 1049 (430) 817 (322) - 2.28 (0.61) 1000 (200)
20151126 57353.13 186.9 - - 1305 (220) 1270 (305) 989 (306) - 2.45 (0.62) 1200 (240)
20151206 57362.45 196.2 - - 1227 (340) 1311 (310) 1097 (354) - 2.13 (0.60) 1200 (240)
20160102 57390.25 224.0 - - 1251 (270) 1429 (330) 1110 (344) - 2.73 (0.65) 1500 (300)
20160305 57452.89 286.6 - - 1293 (210) 1536 (290) 1121 (242) - 2.19 (0.60) 1500 (300)

a We consider a conservative uncertainty in the temperature of about ± 500 K.
b We consider a conservative uncertainty in the EW of about 20 per cent of the measurements.

Figure 7. Panel (a): Evolution of the best-fit black-body temper-
atures. Panel (b): Evolution of the radius at the photosphere. The
solid line connects the temperature and radius measurements.
The dot-dashed vertical line indicates the r-band maximum light
of SN 2015bh.

narrow lines at # 5166, 5275, 6020, 6400, 7941, and 8439 Å,
due to Fe i from the multiplet 26.

4.5 Spectral comparison

Fig. 12 shows the optical spectra of SN 2015bh at three dif-
ferent epochs, together with the approximately coeval spec-
tra of SN 2009ip (Pastorello et al. 2013; Fraser et al. 2013a),
SN 2010mc (Ofek et al. 2013), LSQ13zm (Tartaglia et al.
2016a), and SNhunt248 (Kankare et al. 2015). The spec-

tra were obtained from the listed references except for
SN 2010mc, whose spectra were taken from the public WIS-
eREP repository (Yaron & Gal-Yam 2012). The phases of
the spectra are relative to their primary maximum (bright-
est peak of the light curves), and they have been corrected
for extinction and redshift using values from the literature.

During the first burst [panel (a) in Fig. 12], SNe 2015bh
and 2009ip show similar narrow features, though SN 2009ip
presents a slightly higher temperature of the continuum
and broad P-Cygni features associated with the Balmer
lines, which are not visible in SN 2015bh. Around the main
maximum [panel (b)], all transients of our sample are re-
markably similar: this is very likely the phase in which the
strength of the ejecta/CSM interaction reaches its peak (cf.
section 6). In passing, we note that the SNhunt248 spec-
trum at this epoch shows even stronger resemblance to the
2015a rather than the 2015b event. Finally, at late phases
[panel (c)], SNe 2015bh and 2009ip show broader features,
both in comparison with the other two transients, and with
the spectra taken in previous epochs. At these phases, the
main di!erence between these two SNe is the H! profile
[see blow-up window in the panel (c) of Fig. 12], which
in the case of SN 2015bh, is broader and double-peaked,
as observed before in interacting SNe such as SN 1996al
(Benetti et al. 2016). Whilst SNhunt248 is considered a
SN impostor (Mauerhan et al. 2015; Kankare et al. 2015),
LSQ13zm and SN 2009ip have been proposed to be genuine
SNe (e.g. Tartaglia et al. 2016a; Smith et al. 2014, respec-
tively).
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• Main event: 1.2-1.8x1048 erg

• Late time flattening of LC, only ~0.005 Ni56
☉
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• Balmer decrement below case B
➔ dense plasma thermalizing emission?
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Possible	  geometry	  of	  the	  event
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Progenitor	  evolution

• Since 1994 redwards of LBVs in 
outburst more luminous than YHGs

• Fast variations

• Post SN blue-turn

• SN 2009ip now below „progenitor“
SN 2015bh as well?! already?!!

2009ip „progenitor“

2009ip
Dec. 2015

SN 2015bh 15

Figure 13. Subsections of HST WFPC2 images taken between 2008 and 2009 from F336W (first panel on the left) to F814W (last panel
on the right) filters. The positions of the source at the position of SN 2015bh are indicated by a 5! positional uncertainty circle (0.05
arcsec)

Figure 14. Archival HST light curves of SN 2015bh. The upper
limit is indicated by a symbol with an arrow. The uncertainties for
most data points are smaller than the plotted symbols. A colour
version of this figure can be found in the online journal.

with the strongest being the NIR Ca ii feature and Ca ii]
""7291, 7323 (see Fig. 6, and section 4.4), are detected. Be-
sides, the H# profile changed showing now three components
due to the interaction between mostly spherical ejecta with
an asymmetric CSM. These spectra are very similar to those
of interacting core-collapse SNe such as SN 1996al. The flat
light curves suggest that there is still SN ejecta/CSM in-
teraction, preventing the SN following the decline rate pre-
dicted by the 56Co decay (e.g. see Fig. 17).

The chain of events of SN 2015bh seems a replica of
those observed in SN 2009ip. Hence, the similarity between
the two transients is remarkable, and can be here summa-
rized:

(1) Strong evidence of pre-explosion variability or stellar
outbursts.

(2) Faint light curve peak during the first brightening
episode.

Figure 15. Observed spectral energy distribution of the candi-
date progenitor as measured from multi-epoch images from HST

(filled symbols) and ground-based telescopes (when coeval detec-
tions were available; empty symbols). ATLAS synthetic spectra
for a star with Te! of 9000, 8000, 7000 (log g = 2.0), and 5000 K
(log g = 1.5) are also shown. The spectra were obtained assum-
ing solar metallicity. The error-bars along the x-axis match the
bandwidths of the corresponding filters.

(3) Much brighter second peak (episode b), along with
strong spectroscopic evidence of ejecta-CSM interaction.

(4) Very similar late-time spectra, including the possible
detection of very weak [O I] lines.

The interpretation of SN 2009ip is controversial
and a non-terminal stellar explosion cannot be ruled
out (e.g. Fraser et al. 2015). Mauerhan et al. (2013a) and
Smith et al. (2014) proposed that a compact blue and unsta-
ble massive star exploded during the transient 2012a event.
In SN 2015bh, we notice a slow rise in the light curve on
the 2015a event which closely resembles that of a SN with a
blue supergiant progenitor. For this reason, a SN 1987A-like
explosion within a H-rich cocoon is a reasonable scenario
for SN 2015bh. Furthermore, we note that an LBV-like out-

MNRAS 000, 1–19 (2016)

Elias-Rosa et al. 2016



Progenitor	  evolution

• Since 1994 redwards of LBVs in 
outburst more luminous than YHGs

• Fast variations

• Post SN blue-turn

• SN 2009ip now below „progenitor“
SN 2015bh as well?! already?!!

2009ip „progenitor“

2009ip
Dec. 2015

SN 2015bh 15

Figure 13. Subsections of HST WFPC2 images taken between 2008 and 2009 from F336W (first panel on the left) to F814W (last panel
on the right) filters. The positions of the source at the position of SN 2015bh are indicated by a 5! positional uncertainty circle (0.05
arcsec)

Figure 14. Archival HST light curves of SN 2015bh. The upper
limit is indicated by a symbol with an arrow. The uncertainties for
most data points are smaller than the plotted symbols. A colour
version of this figure can be found in the online journal.

with the strongest being the NIR Ca ii feature and Ca ii]
""7291, 7323 (see Fig. 6, and section 4.4), are detected. Be-
sides, the H# profile changed showing now three components
due to the interaction between mostly spherical ejecta with
an asymmetric CSM. These spectra are very similar to those
of interacting core-collapse SNe such as SN 1996al. The flat
light curves suggest that there is still SN ejecta/CSM in-
teraction, preventing the SN following the decline rate pre-
dicted by the 56Co decay (e.g. see Fig. 17).

The chain of events of SN 2015bh seems a replica of
those observed in SN 2009ip. Hence, the similarity between
the two transients is remarkable, and can be here summa-
rized:

(1) Strong evidence of pre-explosion variability or stellar
outbursts.

(2) Faint light curve peak during the first brightening
episode.

Figure 15. Observed spectral energy distribution of the candi-
date progenitor as measured from multi-epoch images from HST

(filled symbols) and ground-based telescopes (when coeval detec-
tions were available; empty symbols). ATLAS synthetic spectra
for a star with Te! of 9000, 8000, 7000 (log g = 2.0), and 5000 K
(log g = 1.5) are also shown. The spectra were obtained assum-
ing solar metallicity. The error-bars along the x-axis match the
bandwidths of the corresponding filters.

(3) Much brighter second peak (episode b), along with
strong spectroscopic evidence of ejecta-CSM interaction.
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detection of very weak [O I] lines.

The interpretation of SN 2009ip is controversial
and a non-terminal stellar explosion cannot be ruled
out (e.g. Fraser et al. 2015). Mauerhan et al. (2013a) and
Smith et al. (2014) proposed that a compact blue and unsta-
ble massive star exploded during the transient 2012a event.
In SN 2015bh, we notice a slow rise in the light curve on
the 2015a event which closely resembles that of a SN with a
blue supergiant progenitor. For this reason, a SN 1987A-like
explosion within a H-rich cocoon is a reasonable scenario
for SN 2015bh. Furthermore, we note that an LBV-like out-
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The	  best	  pre-‐SN	  spec	  since	  1987A?
• Model of the spectrum at -550d

• LBV with dense, fast outflows,  YSG,  WR etc. excluded

• metallicity about half solar
Plots for try4 ( R=1163.3061 x 10^10 cm, Mdot = 1.015 x 10^-3 M_sun/yr,  vinf 1000 km/s, Fe=-0.00136)

2015bh observed
CMFGEN model (T=13 000K, L=106 Lsun,  Mdot=10-3 Msun/yr, vinf=1000 km/s)

H
β

Fe II 

Fe II 

Fe II 

Fe II 

Fe II 

Fe II N
a I 

H
α

Boian, Groh (in prep.)



A	  new	  class?
• SNhunt 248 low-luminosity case?

• SN 2000ch = 2009ip+2015bh in 
outburst?

A&A 581, L4 (2015)

Fig. 1. a) Absolute light curves of SNHunt248. The solid vertical lines indicate the epochs of spectroscopic observations. For comparison, we
show the absolute R-band light curve of SN 2009ip (Pastorello et al. 2013; Fraser et al. 2013, 2015, black curve: JD = 2 456 155 corresponds
to day 0, no shift in magnitude; and green curve: day 0 epoch JD = 2 456 195, +3.0 mag shift) emphasizing the similar evolution between some
of the key phases. b) Colour evolution of SNHunt248. c) Historical light curve of SNHunt248. From day 0 onwards only the R-band points are
included for clarity. The HST archival data points from Mauerhan et al. (2015) are shown with open symbols. The R-band points are connected
with a dotted line to guide the eye (for epochs with an I-band point but a missing R-band magnitude, the latter is very roughly estimated assuming
R! I = 0.2 mag, corresponding to the !740 d spectral energy distribution (SED)). Insets display blackbody fits to selected pre- and post-discovery
epochs of observed data (interpolated post-discovery near-IR data are included for comparison).

we used the transformations of Jester et al. (2005) to convert
the sequence star magnitudes to the UBVRI system. The near-IR
images were calibrated using 2MASS JHK magnitudes of 10 se-
quence stars. Average instrument-specific colour terms were de-
rived from standard star observations and applied only for opti-
cal follow up, otherwise zero colour terms were assumed. The
resulting photometry is presented in Tables 1 to 3 and in Fig. 1.

Spectroscopic observations from the NOT, WHT, and TNG
were also reduced using the QUBA pipeline and included the
standard steps of bias subtraction, flat field correction, spectrum
extraction, wavelength and relative flux calibration. Wavelength
calibration was derived based on arc lamp exposures. Relative
flux calibration was carried out using a sensitivity curve derived
with observations of spectrophotometric standard stars obtained
on the same night and setup as SNHunt248. The GTC+OSIRIS

and VLT+FORS2 spectra were reduced in a similar way using
basic IRAF tasks. The VLT+UVES spectrum was reduced using
the Reflex-based pipeline workflow. Furthermore, all the spectra
were absolute flux calibrated based on the optical photometry
of SNHunt248. The spectroscopic observations are summarized
in Table 4 and the spectral sequence of SNHunt248 is shown in
Fig. 2.

3. Analysis

We adopt AGal
V = 0.140 mag for Galactic extinction towards

SNHunt248 (Schlafly & Finkbeiner 2011). In our highest res-
olution spectrum (+103 d, R = 26 000), we do not detect the
narrow interstellar medium (ISM) absorption components of the
Na ! D at the expected redshift of NGC 5806. SNHunt248 lies at

L4, page 2 of 7
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Figure 5. Comparison of the R-band light curves of the variable star in NGC 3432 covering the 4 major outbursts: 2000-OT (Wagner et al. 2004a); 2008-OT,
2009-OT1, 2009-OT2 (this paper). SDSS r-band magnitudes were scaled to Johnson-Bessell ones by applying a zero-point shift of !R = !0.18 mag (see
caption in Fig. 4). The epochs of the main luminosity peaks for the four outbursts are marked with vertical blue dashed lines.

-20 0 20 40 60 80 100 120 140 160 180 200 220 240 260

-9

-10

-11

-12

-13

-14

-15

-16

days from maximum

2009ip

1997bs

M85-OT

2008S

UGC4904-OT

2008/2009-OTs

Figure 6. Comparison of the R-band absolute light curve of the variable
star in NGC 3432 (period october 2008 to June 2009) with those of some
well-studied transient events: 1997bs (van Dyk et al. 2000), 2009ip (Smith
et al. 2010), the 2004 outburst preceding SN 2006jc (UGC 4904 OT 2004-1,
Pastorello et al. 2007a), 2008S (Botticella et al. 2009) and M85 OT 2006-1
(Kulkarni et al. 2007). SDSS r-band magnitudes of the variable in NGC 3432
were rescaled to Johnson–Bessell magnitudes by applying a zero-point shift
of !R = !0.18 mag (see caption in Fig. 4).

In Fig. 7 long-term light curves of the NGC 3432 variable and
a few well-monitored LBVs and SN imposters are shown: " Car,5

S-Dor and HD 5980,6 1997bs (van Dyk et al. 2000), 2002kg (Weis
& Bomans 2005; Maund et al. 2006, 2008), 2009ip (Smith et al.
2010), UGC 4904 OT 2004-1 (Pastorello et al. 2007a). Remarkably,
even though some modulation in the light curve of the variable star
in NGC 3432 may suggest an S-Dor-type variability, its overall
characteristics are reminiscent of those of major outbursts. Some
similarity can be found, indeed, with the years-long outburst of "

Car during the nineteenth century, and – more marginally – with
the eruption in 1993–1994 of the stellar system HD 5980 (see
Koenigsberger 2004, and references therein). We will better address
the latter similarity in the forthcoming sections.

4 SPEC TRO SC O PY

Spectra of the luminous variable in NGC 3432 were obtained after
the 2008 October outburst using the 4.2-m William Herschel Tele-
scope (WHT) equipped with ISIS, the 3.58-m Telescopio Nazionale
Galileo (TNG) with LRS, the 2.56-m Nordic Optical Telescope
(NOT) with ALFOSC and the 2.2-m telescope of the Calar Alto
Observatory plus CAFOS. Information on the spectra obtained dur-
ing the period from 2008 October to 2009 November is reported
in Table 3. The best signal-to-noise (S/N) spectra of the star wit-
nessing the evolution of the 2008-OT and 2009-OT1 outbursts,

5 Historical observations of " Car’s Great Eruption in the 1840s were kindly
provided by Frew (2004), while the collection of the normalized V-band
photometric studies of the " Car’s variability after 1952 are from S. Otero
(private communication). Extensive light curves of " Car can be found at
the following URL: http://varsao.com.ar/Curva_Eta_Carinae.htm
6 Data from AAVSO International Data Base: http://www.aavso.org

C" 2010 The Authors. Journal compilation C" 2010 RAS, MNRAS 408, 181–198
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An	  LBV	  en	  route	  to	  a	  WR-‐star?
• Shed envelope via eruptive mass-loss instead of winds?

• Late observations of possible survivor (WN star?) 
2009ip in 2015 has huge Hα and Balmer decrement (>50) 
but no signs (yet) of WR features

• Possible „survivor“ could also be binary companion...

SN 2009ip very late time



Host	  and	  environment
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• SN 2015bh in spiral arm
small underlying SF region? 
(SN 2009ip was far from the host)

• Neighbouring regions: 
metallicity ~ half solar
SP age ~7-10 Myr



Conclusions

• No conclusion about death or survival of SN 2015bh 
(neither SN 2009ip)

• Pre-explosion outbursts common for SN IIns?

• Glimpse into the last stages (or one of the last) of very 
massive stars, challenge for modelers!

• Need to detect more of those stars in the pre-main event
state 

• Need to look for possible survivors and their properties


