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ABSTRACT

We present photometric and spectroscopic observatiohgadfiteracting transient SN 2009ip
taken during the 2013 and 2014 observing seasons. We chasadhe photometric evolution
as a steady and smooth decline in all bands, with a decliegfat is slower than expected
for a solely®®Co-powered supernova at late phases. No further outburgisiptions were
seen over a two year period from 2012 December until 2014 idbee SN 2009ip remains
brighter than its historic minimum from pre-discovery ineagSpectroscopically, SN 2009ip
continues to be dominated by strong, narra®2@00 km s') emission lines of H, He, Ca,
and Fe. While we make tenuous detections of fiffel7155 and [Oi] 116300,6364 lines
at the end of 2013 June and the start of 2013 October resphtive see no strong broad
nebular emission lines that could point to a core-collapfgro In general, the lines appear
relatively symmetric, with the exception of our final speectrin 2014 May, when we observe
the appearance of a redshifted shoulder of emissiorb&0 kms?. The lines are not blue-
shifted, and we see no significant near- or mid-infrared &xcErom the spectroscopic and
photometric evolution of SN 2009ip until 820 days after thartsof the 2012a event, we
still see no conclusive evidence for core-collapse, altiftonhether any such signs could be
masked by ongoing interaction is unclear.

Key words. stars: massive —
ual (SN2009ip)

1 INTRODUCTION

The physical distinction between Type lIn supernovae (Si)
SN impostors is clear: Type IIn SNe arise from massive Btars
undergoing core-collapse within a dense circumstellar iomed
(CSM), while SN impostors are eruptions or outbursts frons-ma
sive stars which daotundergo core-collapse (Van Dyk etlal. 2000,
and references therein). Making this distinction from asesba-
tional basis is more dlicult, as for both Type lIn SNe and SN im-
postors, the evolution and properties are influenced byrtteedc-
tion of fast ejecta with the CSM, with similar charactestar-
row line emission in the observed spectra (e.g. Maund! 2086 2
Smith et all 2011).

One of the best studied and most controversial SN impostors
to date is SN 2009ip. First identified in 2009/by Maza et alO&@0
and initially given a supernova designaﬁorit was re-classified
as an impostor on the basis of its nharrow emission lines, low a
solute magnitude\(~-14) and previous variability (Berger et al.
2009] Miller et all. 2009). Pre-explosion images of NGC 728&h
with theHubble Space TelescofidST) revealed the progenitor of
SN 2009ip to be a luminoud/£-10.3) star with an estimated zero-
age main sequence mass-@&0 M,, (Smith et all 2010; Foley et al.
2011). SN 2009ip exhibited sporadic variability over 3 ygeafter
discovery, with multiple outbursts reaching absolute nitagies
betweenR=-12 and -14 mag (Pastorello ef al. 2013). During this
period, the spectra were dominated+300-1300 kms' emission
lines of H, along with He, Ca, Na and Fe (Pastorello et al. 2013
Smith et al! 2010;_Foley et al. 2011). Intriguingly, thereswaso
absorption at velocities of up to 12500 kmt ss early as Septem-
ber 2011 |(Pastorello etial. 2013), implying that at lesashema-
terial had been ejected at velocities more usually assatiaith
core-collapse SNe.

* E-mail:mf@ast.cam.ac.uk

1 While some interacting transients have been linked to tharrlear ex-
plosions|(Hamuy et al. 2003), we will not discuss these here.

2 In this paper, we use the designation “SN 2009ip” to refehmdbject
in question’s outburst in 2009, the subsequent period éabdity, and the
2012a and 2012b events.

supernovae: general — stars: mass losgrnsuge: individ-

In 2012 August, SN 2009ip underwent a new eruption lasting
~40 days, which reached an absolute magnitud®ef15 mag
(Prieto et al.. 2013;_Pastorello et al. 201.3; Mauerhanlet@l3
Graham et al. 2014; Margutti etlal. 2014). This eruption wals f
lowed by a second outburst40 days later, which peaked at an
absolute magnitude d®=-18 mag. These two re-brightenings of
SN 2009ip were termed the “2012a” and “2012b” events respec-
tively. The 2012a event showed-20 day rise in all optical bands,
followed by a decline on a similar timescale. Broa@®(00 km s
minima) P Cygni lines were seen in H, He and Na, together with
strong, narrow emission lines above a blue continuum. Inkmed
ately after the 2012a event, SN 2009ip re-brightened driagaift
during the 2012b event, increasing by nearly 4 magnitudésan
weeks |(Prieto et al. 2013). The broad absorptions in thetigpet
SN 2009ip disappeared at the start of the 2012b event, lgavin
blue continuum with narrow, Lorentzian profile lines. Fallag
the maximum of the 2012b event, SN 2009ip underwent a slower
decline, which was accompanied by the reappearance of hitwad
sorptions with complex line profiles and multiple absorptamm-
ponents|(Fraser etial. 2013a; Pastorello gt al.|12013; Magsl.
2014). Fraser et al. and Margultti et al. used the magnitudeNof
2009ip at the end of the 2012b event to place a limig0f02 M,
on the mass of any radioacti?&Ni synthesised by SN 2009ip.

The CSM surrounding SN 2009ip clearly plays a significant
role in the evolution of the transient, and has been studiadkt
tail by multiple groups|(Ofek et al. 2013b; Margultti et al.120
Fox et all 2015). Ofek et al. (2013b) reviewed all the avédabass
loss diagnostics for SN 2009ip, including X-rays, radiod ahe
narrow Balmer lines, and concluded that the average massdte
for the progenitor over the years prior to explosion was ketw
1072 and 10° M,, per year. This value was lower than the mass
loss inferred from the H luminosity of SN 2009ip | (Ofek et al.
2013Db;| Fraser et al. 2013a), but according to the authorsldco
be reconciled with it by assuming a non-spherical distidsubf
CSM. From a detailed study of the Balmer decrement in SN 2009i
Levesque et all (20114) argued that the CSM was likely asgdleri
and possibly involved a disk-like structure; while speptiarimet-
ric observations presented by Mauerhan et al. (2014) atbodted
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a complex geometry for SN 2009|p. Mauerhan et al. suggebtd t
the narrow emission for SN 2009ip arose from an inclined ,disk
while the broad components came from a distinct, and perpend
lar emitting region.

SN2009ip at late times 3

explained by a mergerburst, where-60 M, primary and a lower
mass main-sequence secondary merged. In this scenarjoethie
ous outbursts of SN 2009ip during the period 2009 to 2012 Augu
may have been triggered by close periastron passages likéore

After the 2012a and 2012b events, SN 2009ip appears to befinal merger event.

continuing to fade in all bands. The decline rate of SN 2009ip
slowed from that initially observed after the peak of the 201
event, and as of mid 2013 appeared to be approximately telf th
expected from the decay of radioactRf*€o (Graham et al. 2014).
There have been no further reported outbursts or re-bngide
(Graham et &l.), however, the magnitude of SN 2009ip stil re
mains brighter than that of the presumed progenitor (Sniigh e
2010; Foley et al. 2011). The late time (post-2012b) spexft@N
2009ip reveal relatively narrow~(L-2x10° kms) emission from

H, He, Na, Ca, and Fe (Graham etlal. 2014; Smith et al. |2014;
Margutti et all 2014), albeit without any of the strong netolines
typically associated with core-collapse SNe. We note, lvewehat
Fox et al. (2015) found evidence for very weakij@mission in a
spectrum obtained at late phases.

Despite the rich observational dataset obtained for SNip009
across an exceptionally wide range of wavelengths (Margtil.
2014), the interpretation of the events of late 2012 remaircer-
tain. During the 2012a and 2012b events, ejecta were seest at v
locities of over 16 km s which together with the unprecedented
luminosity, was suggested hy Mauerhan etlal. (2013) to be evi

The Public ESO Spectroscopic Survey for Transient Objects
(PESSTO; Smartt et al. 2014) observation campaign for SI9ip00
concluded in late 2012 December. In 2013 April, SN 2009ip was
visible again from La Silla (Fraser et/al. 2013b); this pgmessents
observations of SN 2009ip taken during the 2013 observiag se
son until 2013 December, along with observations taken éetw
2014 April and December. In particular, we address the gurest
of whether there is new evidence for core-collapse, if tlaeessig-
natures of dust formation in the ejecta or shocked CSM gas, an
crucially, whether SN 2009ip has survived the events of 28tE2.
The true fate of SN 2009ip is of considerable interest, dafigc
given the recent identification of pre-explosion outbuistsev-
eral SNe (e.g Pastorello et/al. 2007; Ofek et al. 2013a; Feisd.
2013c; Ofek et al. 2014). SN 2009ip is also one of the best moni
tored SNe of any type, with 5 years of data since its discowargt
as such represents a unique window into the lives of maskive s

In all of the following we adopt a distance modulus of
31.55 mag, and a foreground extinction Ak=0.051 mag to-
wards SN 2009ip, consistent with that used by Smith et alL(20
Pastorello et al. (2013); Fraser et al. (2013a). We also tazidp2

dence that SN 2009ip had undergone core-collapse and was nowSeptember 23 (MJD 56193) as the start of the 2012b event, all

a genuine Type IIn SN._Smith etlal. (2014) expanded on this sce
nario, and proposed that the 2012a event was the core-sellaip

a blue supergiant, while the 2012b event was powered by tie su
sequent collision of the ejecta from this event with the cuind-

ing CSM. In contrast, Pastorello et al. (2013), Fraser |gPal13a)
and|Margutti et al.| (2014) remained open as to the final fate of
SN 2009ip. Pastorello etlal. argued that as high velocityighs
tion had already been observed in 2011, this could not bentake
proof positive of core-collapse during either of the 2012a@l2b
events. The absence of emission lines associated withaaycle
thesised elements, and the relatively restrictive limiti® ejected
%6Ni mass could also point to a non-terminal eruption. If novpo
ered by a core-collapse, Fraser et al. and Marguttilet ajestgd
that the luminosity of the 2012b event might be explainedhsy t
efficient conversion of the kinetic energy of a relatively sneallp-
tion as it collided with the CSM. An alternative explanatfon SN
2009ip was explored ky Soker & Kashi (2013), Kashi et al. €01

phases quoted in the paper are with respect to this date.

2 OBSERVATIONSAND DATA REDUCTION

2.1 Imaging

Optical imaging of SN 2009ip was obtained with the 3.6m New
Technology Telescope (NTT} ESO Faint Object Spectrograph
and Camera 2 (EFOSC?2), the 1.3 m Small and Moderate Aperture
Research Telescope System (SMARTS) telescopeNDICAM
(operated by the SMARTS Consortium), the 2 m Faulkes South
telescopet+ Spectral imager (FS03) and the 2 m Liverpool Tele-
scope+ Infrared-Optical:Optical (10:0) camera. The EFOSC2 im-
ages were reduced using the PESSTO pipeline, as described
Smartt et al. [(2014), while the ANDICAM, FS03 and 10:0 im-
ages were automatically reduced with their associateduimsnt
pipelines. In addition to these, we used the filtered actijoiisim-

n

and Tsebrenko & SokKer (2013), who proposed that SN 2009ip may ages taken before our Very Large Telescope (VARShooter and

be a “mergerburst” resulting from two massive stars in anyisgs-
tem. In such a scenario, the secondary may either merge etethpl
with the primary, or accrete a significant fraction of its masto
the primary during periastron (Kashi etlal. 2013). The higlogity
material seen in SN 2009ip could then be formed by the intierac
of a fast jet of material, launched during the merger, withra c
cumbinary envelope (Tsebrenko & Soker 2013).

Gemini South+ Gemini Multi-Object Spectrograph (GMOS) spec-
tra. The XShooter acquisition image is taken with a separedei-
sition camera to the main instrument, for which biases artd fla
fields are not available. However, the image did not showangtr
gradient in the background, and so we assume the flat field@orr
tion is small. The Gemini images were reduced using the timsks
the cemint package withinrar. The ANDICAM, 10:0, FS03 and

Regardless of whether the 2012a or 2012b events of SN EFOSC2 images were processed withosmic to remove cosmic

2009ip were terminal or non-terminal events, the mechariem
hind the outbursts seen prior to and including late 2012 nenna
known. There have been several theoretical proposalsdogased
mass loss shortly before core-collapse caused by vigomusgec-
tion during C and later burning stages (Quataert & ShiodeZ201
Smith & Arnett 2014). Another candidate mechanism is thdsau
tional pair instability” (Woosley et al. 2007), which caratéto the
release of a large amount of energy, and the ejection of sleser
lar masses of material without destroying the progenitar: gtter-
natively, Soker & Kashil(2013) proposed that SN 2009ip cdgd

© RAS, MNRASO000,[1-??

rays, before consecutive exposures taken with the sanrarimsit
and filter were coadded. As only single, short exposures ta&en
with GMOS and the XShooter acquisition camera, these data we
not coadded or processed witkcosmic.

For all images, point-spread function (PSF) fitting photeme
try was carried out usingNoopy, a customrar package based on
paopHot. The PSF was modelled using point sources on each frame,
and was fit simultaneously to both SN 2009ip and the neartsy for
ground star at<5"to the NE at 2223"5:51 —28°56'47/9) to ac-
count for any additional flux from the latter. The fit was itec
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to minimise the residual, while artificial star tests at thé [®si-
tion were used to estimate the uncertainty in magnitude. ZEle
ropoint for each frame was determined using aperture phetom
try of the tertiary sequence stars listed by Pastorellolgpail3),
with the uncertainty in the zeropoint taken to be the stashdawi-
ation of the values calculated from each of the individugussce
stars. Aperture corrections were also measured from theeseg
stars, and where necessary applied to the photometry of 8820
and colour terms were applied to the measured magnitudes as
Fraser et al! (2013a).

At these late epochs, the spectrum of SN 2009ip is dominated

by line rather than continuum emission. As a consequenceisf t
the photometry of SN 2009ip is sensitive to the precise trasis
sion of each filter used. As shown in Fig. 1, the Bessell andrslo
filters from the various instruments used for observatiohSM
2009ip have somewhat fiierent transmissions. Thesdfdrences
result in flux from various lines being included or excludedni

a particular passband — for example the EFO$@ler includes
flux from the 18662 line of the Ca Il NIR triplet, while the 10:0
filter does not. As a check on the significance of the flux preisen
line emission at this epoch, we took the GMOS spectrum from Au
gust 12 and set the flux in the region o&ltb the continuum level.
Synthetic BesseR-band photometry performed witkar synpHoT

on both the original and &tree spectra gives a magnitude for the
latter which is 1.3 mag fainter, demonstrating line flux canéha
significant éfect on our measured photometry.

It is possible to ameliorate this to some extent using syithe
photometry of spectra (“S-correction”, e.g. Stritzingeak 2002),
however this is dependent on the availability of carefullyasured
total transmission functions (i.e. telescope optics,rfdted CCD),
which were unavailable for several of the instruments weheed.
Hence we have not performed a full S-correction for all fétdaut
rather have applied a simple correction using the availfitver
functions, for the instruments and filters where there wagteat-

100 :
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Figure 1. Filter functions for the filters used for the followup of SNip;

for FS03 these are transmission functions which also ircling contri-
bution of the Earths atmosphere. All transmission filtergehbeen nor-
malised to 100% transmission at their peak. For compariaorgbserver
frame spectrum of SN 2009ip from 2013 April is shown in grey.

2009ip in the EFOSC2~{andolt) system, together with the total
uncertainty (comprised of the error in SN magnitude andpard,
added in quadrature) are reported in Table 1. For thelOTO im-
ages which were taken in Sloan-likandi-filters, we were unable
to homogenise the measured photometry with the data froer oth
telescopes, even after applying the correction from syiatipdo-

est disagreement. We have also taken the EFOSC2 filters as outometry. We have hence excluded these images from our amalys

reference filter system, rather than the standard Bes&8l0}filter
curves, with the motivation of both reducing the number ofeo
tions which we make to our data (i.e. the EFOSC2 data does no
have to be corrected), and also to ensure consistency vettiata
presented in_Fraser etlal. (2013a). Average colour termsrieect
EFOSC2 photometry to other systems are availakle in Sntaatt e
(2014).

With the exception of the LTi images, the measured magnitudes
for SN 2009ip using dferent telescopes on the same night are con-
tsistent to within the uncertainties.

We also took near-infrared (NIR) imaging of SN 2009ip in
JHKsfilters using both the NTH Son of ISAAC (SOFI) and the
2.6m Nordic Optical Telescope NOTCam. The SOFI data were
reduced using the PESSTO pipelihe (Smartt &t al.|2014) evthéd

For each photometric point to be corrected, we have taken the NOTCam images were reduced using the extexmatam pack-

closest available spectrum of SN 2009ip, and witkeHor, mea-
sured the dference in synthetic magnitude when using the specific
filter function for that instrument, and when using the cepand-

ing EFOSC2 filter AM3{ ros0)- This difference cannot be ap-
plied directly to the SN 2009ip magnitudes, as some fraatioib
will already be accounted for by the applied colour term. $t-e
mate the portion of this flierence which is accounted for by the
colour term, we first estimated th&ective temperature of the SN,
using a blackbody fit to the spectrum (excluding the regioosrd

Ha and HB). We then took a Kurucz model at a similar tempera-
ture, and appropriate to a solar metallicity dwarf, on whighalso
measured the fference in synthetic magnitudé M\ s eros)
using the filter functions for the instrument in questiond ahe
filter function for EFOSC2. This dierence is what one would ex-
pect for a continuum-dominated source, such as those stars f
which the applied colour terms are derived. Finally, we cah ¢
culate(AMSY ¢ ose) — (AMijys_erose). Which is the additional
correction to the measured photometry of the SN at that efinch
addition to the colour term). The final calibrated magnitufte SN

age (version 2.5) withimar. In both cases, the images were flat-
fielded, and sky-subtracted using a sky frame constructeh fr
median combined on-source dithers. PSF-fitting photomeay
performed on the SN using the same procedure as for the bptica
imaging, although the zeropoint was determined directiynficat-
alogued Two Micron All-Sky Survey (2MASS) sources in thediel
and no colour terms were applied. The calibrated magnitades
reported in TablEJ2. For epochs where SN 2009ip could notére se
in these images, a limiting magnitude was estimated froificaat

star tests at the expected position of the transient.

Mid-infrared (MIR) imaging was taken of SN 2009ip at mul-
tiple epochs in 2013 with th8pitzer Space Telescopelnfrared
Array Camera (IRAC), as listed in Tadlé 2. Apitzeris now in
its warm mission phase, SN 2009ip was observed only in Chan-
nel 1 (3.um) and Channel 2 (4iBm). Images from theSpitzer
archive taken in 2009 and 2010 were also examined, but the pos
tion of the transient liesfdthe edge of the detector in these data,
and hence these were not considered any further. Photomagy
performed on the post-Basic Calibrated Data (pBCD) images u

© RAS, MNRASO000,[I}-??



SN2009ip at late times 5

Table 1. Calibrated optical magnitudes of SN 2009ip in the Landadtem, with associated uncertainties in parentheses. Fhagth respect to the start of
the 2012a event (MJD 56193).

Phase (d) Date MJD B (mag) V (mag) R (mag) I (mag) Instrument
192 2013-04-03.40 56385.40 - 19.23 (0.06) 18.24 (0.06) - SED
193 2013-04-04.38  56386.38 - 19.25 (0.05) - - EFOSC2
195 2013-04-06.41 56388.41 19.95(0.10) - - - EFOSC2
197 2013-04-08.40  56390.40 - 19.26 (0.10) 18.32(0.07) 6@BD8) ANDICAM

201 2013-04-12.39 56394.39 - 19.43 (0.07) 18.42(0.08) 61@70) ANDICAM

202 2013-04-13.37  56395.37 - 19.25 (0.06) - - EFOSC2
203 2013-04-14.37 56396.37 - 19.34 (0.07) - - EFOSC2
205 2013-04-15.90  56397.90 - 19.34(0.11) 18.29(0.06) Q@&9) ANDICAM

209 2013-04-20.37 56402.37 - 19.38 (0.05) - - EFOSC2
219 2013-04-29.85 56411.85 - - 18.47 (0.05) - ANDICAM
222 2013-05-03.37 56415.37 - - 18.46 (0.12) - GMOS
225 2013-05-06.33  56418.33 - - 18.42 (0.06) - XShooter
239 2013-05-20.34 56432.34 - - 18.55 (0.06) - GMOS
242 2013-05-23.40 56435.40 - - 18.59 (0.05) - GMOS
245 2013-05-25.78 56437.78 20.48 (0.09) 19.89 (0.06) 1@F®) 18.96 (0.08) FS03
248 2013-05-28.79  56440.79 - 19.93(0.11) 18.61(0.07) - 3FS0
254 2013-06-03.69 56446.69 20.55(0.05) 20.02(0.07) I1@E) 19.12 (0.08) FS03
254 2013-06-04.34 56447.34 - - 18.67 (0.03) - GMOS
264 2013-06-14.35 56457.35 - - 18.77 (0.05) - GMOS
269 2013-06-18.82 56461.82 20.34 (0.05) 20.08 (0.05) 1®@T13) 19.22(0.04) FS03
280 2013-06-30.40 56473.40 - - 18.82 (0.03) - GMOS
293 2013-07-12.81 56485.81 20.73(0.04) 20.17(0.07) 1®@T8) 19.34(0.08) FS03
303 2013-07-23.33  56496.33 - - 18.85 (0.05) - GMOS
306 2013-07-26.11 56499.11 20.83(0.23) 20.02 (0.10) - - OlO:
308 2013-07-27.70  56500.70 20.67 (0.07) 20.12(0.06) 1@&2) - FS03
308 2013-07-28.34 56501.34 20.68 (0.08) 20.06 (0.05) 1@®B) 19.27 (0.05) EFOSC2
311 2013-07-30.70  56503.70 20.91(0.11) 20.36(0.10) 1®&B) 19.58 (0.13) FS03
316 2013-08-05.20 56509.20 20.71(0.06) 20.08 (0.05) 1@@bB) 19.45 (0.06) EFOSC2
317 2013-08-05.79 56509.79 20.70 (0.05) 20.14(0.08) 1®&A) 19.44(0.10) FS03
319 2013-08-08.02 56512.02 20.67 (0.09) 20.02 (0.09) - - OlO:
323 2013-08-11.62 56515.62 20.78 (0.08) 20.27 (0.07) 1@93) - FS03
323 2013-08-12.15 56516.15 - - 18.93 (0.12) - GMOS
326 2013-08-15.13 56519.13 20.82(0.04) 20.20(0.05) 1@@¥) 19.52(0.05) EFOSC2
327 2013-08-16.07 56520.07 20.88(0.12) 20.06 (0.05) - - OlO:
329 2013-08-17.59 56521.59 20.88(0.09) 20.39(0.05) 1®@®B) 19.59 (0.10) FS03
338 2013-08-26.63 56530.63 - 20.20 (0.19) 18.99(0.12) - 3FSO
338 2013-08-27.10 56531.10 20.88(0.06) 20.27 (0.06) 1@D6) 19.61 (0.09) EFOSC2
341 2013-08-29.62 56533.62 - - 19.01 (0.08) - FS03
341 2013-08-30.01 56534.01 20.96 (0.12) 20.09 (0.07) - - OlO:
351 2013-09-09.04 56544.04 - 20.17 (0.07) - - 10:0
354 2013-09-12.20 56547.20 20.75(0.05) 20.14(0.04) 1@DB) 19.66 (0.08) EFOSC2
361 2013-09-18.95 56553.95 - 20.24 (0.23) - - 10:0
369 2013-09-26.95 56561.95 20.77(0.08) 20.26 (0.07) - - OlO:
376 2013-10-04.05 56569.05 20.99 (0.06) 20.39 (0.10) 1@ZB) 19.77 (0.07) EFOSC2
388 2013-10-16.18 56581.18 20.86(0.13) 20.46 (0.15) 1@3B) 19.82(0.08) EFOSC2
397 2013-10-25.14 56590.14 21.07 (0.10) 20.52(0.11) 1@®8) 19.96 (0.24) EFOSC2
409 2013-11-05.83  56601.83 - 20.41 (0.32) - - 10:0
427 2013-11-23.87 56619.87 21.24(0.09) 20.51(0.07) - - OlO:
430 2013-11-26.82 56622.82 21.25(0.13) 20.50 (0.07) - - OlO:
434 2013-12-01.05 56627.05 21.19 (0.06) 20.67 (0.05) 1@4B) 19.98 (0.09) EFOSC2
457 2013-12-24.05 56650.05 21.25(0.07) 20.71(0.04) 1@45) 20.13(0.05) EFOSC2
575 2014-04-20.32 56768.32 - 21.05(0.05) 19.80(0.07) @RA@AL7) EFOSC2
577 2014-04-22.36  56770.36  21.62 (0.10) - - - EFOSC2
578 2014-04-23.40 56771.40 - 21.17 (0.06) 19.84 (0.05) =2@A0) EFOSC2
583 2014-04-28.38 56776.38 - 21.03(0.18) 19.80(0.11) 2@=1) EFOSC2
589 2014-05-04.37 56782.37 21.61(0.61) 21.10(0.09) 1@IB) 20.83 (0.29) EFOSC2
692 2014-08-16.12 56885.12 21.92(0.08) 21.45(0.05) 2@2¥) 20.89 (0.08) EFOSC2
723 2014-09-16.20 56916.20 - - 19.90 (0.08) - EFOSC2
731 2014-09-24.02  56924.02 21.79(0.13) 21.45(0.05) 2@DB) - EFOSC2
736 2014-09-29.21 56929.21 21.94(0.10) 21.54(0.07) 2@25) - EFOSC2
782 2014-11-14.06  56975.06 21.99(0.09) 21.61(0.09) 2@46) 21.21(0.08) EFOSC2
821 2014-12-23.06 57014.06 22.00 (0.07) 21.73(0.07) 2@BF) 21.45(0.31) EFOSC2
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CHT :

(a) 3.6um (b) 4.5um

Figure2. MIR images of SN 2009ip, taken with tI8pitzer Space Telescope
+ IRAC on 2013 July 25.

ing thewmorex package|(Makovoz & Marleau 2005). A mosaic of

the field was created (an example of which is shown in Eig. 2),

and sources were identified on this image, before Point Regpo
Function (PRF) fitting photometry was performed on the iittlial
frames. Measured fluxes were then corrected for normalisats
per the IRAC Instrument Handbook. No array-position depend
colour correction was made to the data, although as the Shtis n
particularly blue at these late epochs, tiieet of this should be
negligible. The measured fluxes for SN 2009ip are listed inléla
2

2.2 Spectroscopy

We obtained a series of intermediate resolution opticattspeof

SN 2009ip between 2013 April and December, together with a
subsequent set of spectra from the 2014 observing seasen cov

ering the period 2014 April to September, as listed in Table 3
Longslit spectra were taken with the NFEFOSC2 (as part of the
PESSTO projeE), the 8.2m Very Large Telescope (VLF FO-

cal Reducer and Spectrograph 2 (FORS2), the 8.1m GeminhSout

telescope+r GMOS2, and the 10m Keck Il telescopethe DEep
Imaging Multi-Object Spectrograph (DEIMOS; Faber et al02p
Higher resolution echelle spectra were taken with ¥LXShooter
(Vernet et al. 2011); the XShooter spectra cover a broad leagth
range from the atmospheric cuff an the blue, to 2.5m. We also
obtained three spectra with the ANU 2.3m telescep#ide-Field
Spectrograph (WiFeS), these had lofN®ven after rebinning to a
lower resolution, but are shown for completeness in[Hig. 3.

All EFOSC2 spectra were reduced using the PESSTO pipeline
(Smartt et al. 2014), while the FORS2 and GMOS spectra were re

duced withinirar using theLongsLiT andGemint gmos packages re-
spectively. In all cases, the data were reduced in the stdriash-
ion: extracted, wavelength and flux calibrated, and in tise cdithe
EFOSC2 spectra corrected for telluric absorption. The \Wiggec-

tra were reduced using thewires pipeline (Childress et &l. 2014);
as WiFeS is an integral field unit spectrograph, one dimeasio
spectra were extracted from the data cube using a PSF-wdight
fit. The XShooter spectra were reduced with the ESOREX recipe
run under thexerLex environment. For all XShooter spectra, a solar

3 PESSTO data taken up to 2014 April 30 are available from th® ES
archive as Phase Ill products (within the Spectroscopive&ubata Re-
lease 1; SSDR1), and the remainder of the data will be redleas2015 as
SSDR2. Detailed instructions on obtaining PESSTO dataaidadble on the
PESSTO website, www.pessto.org.

analog was observed at comparable airmass to SN 2009ip and wa
used to correct for the regions of low atmospheric transorisis
the NIR. In the final XShooter spectrum obtained of SN 2008ip i
2014 August, no flux from SN 2009ip was detected in the NIR arm.
NIR spectroscopy was obtained with NFSOFI. The SOFI
spectrum was taken with the Blue Grism (BG) and reduced using
the PESSTO pipeline; the steps involved were flat-fieldiky; s
subtraction using pairs of dithered observations and veanggth
calibration. Water vapour absorption was identified andezted
for in the spectrum using a telluric standard (a solar analdch
was observed immediately after the spectrum of SN 2009ig@, an
at a similar airmass. An approximate flux calibration of thecs
trum was also made using the telluric standard. We discesN iR
spectra obtained for SN 2009ip in Section]4.2.

3 PHOTOMETRIC EVOLUTION

The late time lightcurve of SN 2009ip is shown in Fify. 5. SN®p0
appears to be slowly declining in magnitude, with no furtbet-
bursts or re-brightenings over the two years following thda2a
and 2012b events. Extrapolating the lightcurve back to 2D&2
cember, we find that the slow decline is consistent with tls¢ la
photometry taken at the end of 2012 December. Most notaindy, t
decline rate is significantly slower than the 0.98 mag perd®&
which is typical of the late-tim&Co-powered tail of a SN. From
a linear fit to theR-band lightcurve in the perioet200-450 days
(relative to the start of the 2012a event), we measure ardedite
of 0.34 mag per 100 days, while theband yields a decline rate
of 0.46 mag per 100 days. During the 2014 observing seasen, th
decline rate is even slower, at 0.27 mag per 100 daysand 0.30
mag per 100 days iR.

The MIR photometry available for SN 2009ip is quite limited,
as can be seen in Figl 5. From 2013 February until 2013 August,
the decline in the 3.6 and 415 bands appears consistent with that
seen in the NIR, and only slightly slower than that seen at opt
cal wavelengths. Over the period 2013 July 25 to August 2@gth
epochs of MIR photometry were obtained; over this shortqokri
we observe a decline at 36, but an apparently constant flux at
4.5um. It is possible that this is caused by contamination of the
photometry of SN 2009ip by flux from a nearby source; as can be
seen in Fig[R, there are two bright sources close to SN 2009ip
which are much brighter in the MIR than at optical wavelesgth
Alternatively, if the constant 4i8n flux is due to SN 2009ip, then
it may be caused by the formation of CO, which has its fundaaten
emission in this band.

The colour of evolution of SN 2009ip is shown in Fig. 6. We
find that inV—R, SN 2009ip has a roughly constant colour over the
period from 300 to 800 days after the start of the 2012a event.
contrast, theB—V colour becomes slightly bluer over time. This is
likely caused by the presence of emission from Fe group imte
spectral region covered by tiBeband filter. ThevV—H colour of SN
2009ip can be measured unti#l00 days, after this SN 2009ip is
not detected itd-band, and we can only set upper limits to the NIR
colour. The fact that SN 2009ip does not appear to becoméisign
cantly redder after400 days would indicate that dust formation is
not significant at this phase.

We constructed a pseudo-bolome®i¢RIJHKdightcurve for
SN 2009ip using the same technique as in Fraser et al. (2013a)
which is shown in FigJ7. As expected given the steady dedine
the individual photometric bands, the bolometric light@ishows
a smooth decline. A comparison to the well-studied Type IN° S
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Figure 3. Sequence of optical spectra of SN 2009ip taken between 2@tiBakd December, with phases relative to MJD 56193 in pheses. All spectra
are shown in the rest frame, the wavelengths of key featueesarked, while the positions of the strong telluric ab§ons are shown with @ symbol. The

WiFeS spectra and the EFOSC2 spectrum from November 25 avensh light grey, with a binned version of the spectrum olettpd in black. A 4800K

blackbody fit to the 2013 April 3 spectrum is shown in red. Thghbr resolution spectra taken during this period are shHovmmore detail in Figl_TD.
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Table 2. Calibrated NIR magnitudes and MIR fluxes for SN 2009ip.

Phase (d) Date MJD J(mag) H (mag) K (mag) 3.6um (mJy) 4.5um (mJy) Instrument
130 2013-01-31.01 56323.01 - - - 0.1331 (0.0013)  0.16282p IRAC
201 2013-04-11.37 56394.37 17.94(0.06) 17.92(0.16) 1(033) - - SOFI
303 2013-07-23.16  56496.16 18.84 (0.18) 18.99 (0.20) 1@MNZ) - - NOTCam
306 2013-07-25.95 56498.95 - - - 0.0311 (0.0012)  0.046@RP IRAC
326 2013-08-14.55 56518.55 - - - 0.0286 (0.0011)  0.046D(BP IRAC
339 2013-08-27.74  56531.74 - - - 0.0255 (0.0011)  0.047H@BD IRAC
341 2013-08-30.02 56534.02 19.05(0.16) 19.41(0.26) 1@=3}) - - NOTCam
364 2013-09-21.98 56556.98 19.44 (0.19) 19.36 (0.26) <18.41 - - NOTCam
376 2013-10-03.22  56569.22 19.18 (0.12) - - - - SOFI
428 2013-11-24.77 56620.77 19.68(0.23) <18.84 - - - NOTCam
711 2014-09-03.07 56904.07 20.67 (0.29) <20.5 <18.8 - - SOFI
730 2014-09-22.09 56923.09 20.78 (0.21) - - - - SOFI

_""I""""'I""'"b'(‘s\l"""'"I'""""I""""'I"_

3 - O 0

- /\f\)_-, @ b‘ ?‘ —

o (b .

[ Hﬁ Q’\\\H . e\\ze\\\ O K N N ]

B H

I 2013 Dec. 01 (+434d)

May 05 (+589d)

log,gFlux + constant

Aug. 17/19 (+69T5d

Sept. 19 (+726d) -

4000 5000 6000 7000 8000 9000
Rest wavelength (A)

Figure 4. Sequence of optical spectra of SN 2009ip taken between 2@tiftakhd September, with phases relative to MID 56193 inrgheses. All spectra
are shown in the rest frame, the wavelengths of key featueemarked, while the position of the strong telluric absior are shown with & symbol. The
EFOSC2 spectrum from Aug 1@ is shown in light grey, with a binned version of the speotaverplotted in black. For comparison, the last spectrirta
of SN 2009ip in 2013 December (i.e. the final spectrum in [Bigs &lso shown. The higher resolution spectra taken dutirgggeriod are shown in more
detail in Fig [10.

2004et shows that the decline rate of SN 2009ip betwee?50 version of kinetic energy. The strongest constraint on theaks
and+500 days from the start of the 2012a event is slower than typ- comes from the lightcurve in late 2012 December; from a campa
ical for a core-collapse SN at a comparable epoch. The degree ison of the bolometric light curves of SNe 2009ip and 2004et a
which radioactive Co contributes to the energy source of 300D this epoch, we confirm the upper limit to the ejected Ni madbef
during this late phase is, however, uncertain. As discusded the former of My; <0.02 M, which was set by Fraser et al. (2013a).
presence of strong and narrowtdt this epoch suggests that CSM
interaction is ongoing, and so one may expect any Co-poweied
to be supplemented by additional flux from the continuing-con

We also calculated bolometric light curves using the optica
(BVRI), NIR (JHK), and MIR (LM) bands separately. THgpitzer
3.6 and 4.5um fluxes were calibrated to tHe and M bands us-
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Phase (d) Date MIb Telescope Instrument Grism Range (A)
193 2013-04-04.39  56386.39 NTT EFOSC2 Gr13 3650-9246
201 2013-04-12.00 56394.00 ANU 2.3m WiFeS B36BJ000 4171-7021
202 2013-04-13.40 56395.40 NTT EFOSC2 Grll 3346-7466
203 2013-04-14.39  56396.39 NTT EFOSC2 Gr16 5995-9990
207 2013-04-18.39  56400.39 NTT SOFI BG 9277-16345
209 2013-04-20.39  56402.39 NTT EFOSC2 Grl1 3347-7467
222 2013-05-03.40 56415.40  Gemini-S GMOS R400 4208-8439
226 2013-05-06.35 56418.35 VLT XShooter  UVBIS+NIR  3000-24800
239 2013-05-20.35 56432.35  Gemini-S GMOS R400 4207-8439
242 2013-05-23.43 56435.43  Gemini-S GMOS B600 3191-6076
245 2013-05-26.00 56438.00 ANU 2.3m WiFeS B36B7000 3500-7023
264 2013-06-14.36  56457.36  Gemini-S GMOS R400 4208-8437
272 2013-06-22.00 56465.00 ANU 2.3m WiFeS B36BJ000 4169-7023
280 2013-06-30.43 56473.43  Gemini-S GMOS R400 4210-8441
303 2013-07-23.38 56496.38  Gemini-S GMOS R400 4207-8440
323 2013-08-12.19 56516.19  Gemini-S GMOS R400 4208-8439
353 2013-09-12.05 56547.05 NTT EFOSC2 GrG16 3343-9986
374 2013-10-03.14 56568.14 VLT FORS2 300V 4226-9639
428 2013-11-26.08  56622.08 NTT EFOSC2 Grl1 3365-7478
434 2013-12-02.06  56628.06 VLT FORS2 300V 4224-9632
575 2014-04-22.37 56769.37 NTT EFOSC2 Gr13 3650-9246
589 2014-05-06.36  56783.36 NTT EFOSC2 Grll 3365-7478
590 2014-05-07.33  56784.33 NTT EFOSC2 Gr16 5995-9990
590 2014-05-07.39 56784.39 VLT XShooter  UVBIS+NIR  3000-24800
6935 2014-08-1719 56887.16 VLT XShooter  UVBVIS+NIR  3000-24800
726 2014-09-20.36  56920.36 Keck DEIMOS 600ZD 4200-7640

ing the zeropoints in_ Campins et al. (1985). For the perioéreh
there were MIR observations (2013 January — August), thé&ieon
bution at these wavelengths to the total optical-MIR lursibof

SN 2009ip was only-10 per cent. The NIR contributed a further
~30-35 per cent of the luminosity, while the remainder of th fl
emerged at optical wavelengths as shown in[Hig. 8. We seatthat
ter 2013 September, the fraction of flux in the NIR relativehe
optical appears to decrease by about 5 per cent. It is pegsiat
this is due to a large amount of the flux in SN 2009ip emerging in
line emission, much of which is at optical wavelengths.

Martin et al. (2013) and Margutti etlal. (2014) put forware th
intriguing suggestion that there was a periodic componérie
lightcurve of SN 2009ip. With a view to testing this in thedat
time data, we took th&-band lightcurve of SN 2009ip between
2013 April 3 and December 24, and made a least-squares fihear
to the data. To remove the overall decline from the lighteua
“residual lightcurve” was constructed, consisting of theasured
magnitude at each epoch minus the interpolated magnituae fr
the linear fit. TheR-band data were used for this as this was the
filter which had the most data points (36 epochs). We then theed
Lomb-Scargle algorithm (Lonib 1976; Scalgle 1982) to desipe-
riodogram from the residual lightcurve. The resulting pddgram
is shown in Fig[®, but as expected from visual inspectionhef t
lightcurve, we see no significant peaks in the power specthamn
would suggest a periodic signal. The absence of any peremie
ponent to theR-band light curve may indicate that the region of
CSM which the ejecta is now interacting with has &efient den-
sity profile, or was formed through aftérent mass loss process
to that which formed the CSM closer to SN 2009ip. The progen-
itor candidate identified by Foley etlal. (2011) for SN 200Baul
a magnitude of 21.840.17 mag inF606Wband images taken in

2009ip wereV = 21.73+ 0.17 andR=20.55+ 0.07 mag. Ir'vV-band,

SN 2009ip reached a similar magnitude to the purported pitaye

in late 2014. However, as théSTimages used by Foley etlal. were
taken with the=606\Wfilter, they include the wavelength ofddAs

the Hx emission seen in SN 2009ip is strong, even during quies-
cent periods (Pastorello etial. 2013), it is likely thai imission is
contributing to the flux here also. Hence the most apprapfitier

to make a comparison to the pre-discovel$Timages isR-band,
which similarly includes K. SN 2009ip is still~1.3 mag brighter
than the progenitor candidate Riband, and assuming a constant
decline rate 0£0.3 mag per 100 days, will only reach a comparable
magnitude around 2016 March.

4 SPECTROSCOPIC EVOLUTION
4.1 Optical spectra

As is evident from Fig4.]3 arid 4, SN 2009ip does not undergo any
dramatic spectral evolution between 2013 April and 2014&8ap

ber. From the first spectrum of 2013, which was taken on April 3
until June 22, we do not observe the emergence of any new lines
or significant changes in velocity or line profile shape. la tal-
lowing, we describe the 2013 April 3 spectrum as representat

SN 2009ip over the subsequent three months. We note thavéhe fi
highest resolution and signal-to-noise spectra are shawndre
detail in Fig.[I0. All of the reduced spectra presented is tha-

per will be placed in the the WiseRep arC\(efaron & Gal-Yam
2012).

1999 June. On 2014 December 23, the measured magnitudes of SN httpy/www.weizmann.ac jhstrophysigsviserep
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Figure5. Optical and infrared lightcurves for SN 2009ip. The datarfi@astorello et al. (2013) ahd Fraser etlal. (2013a) covénmg@012a and 2012b events
are shown with open points. The black line shows the typic@8 @nag per 100 days decline expected during the radiofctavered tail phase of a core-
collapse SN. Upper limits where SN 2009ip was not detectednalicated with arrows; the green horizontal arrow at theeloright indicates the presumed
quiescent F606W~R-band) magnitude measured from archi#8Timages by Foley et al. (2011), scaled b2 mag to match th&-band lightcurve. The
source of each point in the optical lightcurve is indicatgdhe key.

As shown in Fig[B, the spectrum from April 3 has a rela- higher density could be explained as the photosphere redade
tively flat continuum. The most prominent feature in the $peun wards through material ejected in a wind or mass loss withRa?
is Ha emission, which is well fitted with a Lorentzian profile of dependence, although it is unclear whether such a simpfasoe
FWHM 1450:100 km s'. Ha appears to be slightly asymmetric, would necessarily be appropriate to SN 2009ip. The stromdjrié
as shown in Figl_1, with a deficit of flux in the blue wing. We is also interesting in the context of the low photospherioger-
also see 4 with a similar velocity and line profile, and a wealyH ature. As the spectral energy distribution of SN 2009iptshib
line. While the line profile of | appears to narrow slowly over  cooler temperatures than at peak, there are no longer thehdV p
the course of our monitoring campaign, for the first three th®n  tons necessary to produce recombination lines. It is like#t X-
this evolution is hard to discern. The Balmer decremént (L) rays from shocks in the interaction region are now supplyireg
can be used to constrain the physical environment of SN p009i necessary energy to exciterHand perhaps also help maintain the
(Levesque et al. 2014; Fraser etlal. 2013a), and in the Apeits relatively constant blue colour of SN 2009ip (Fig. 6). In ttesl
trum of SN 2009ip we measure a Balmer decrementI#f. This part of the spectrum, we identify some of the higher ordeckes
is much higher than in 2012, and could indicate Case C recombi lines. These can be seen more clearly in the spectrum frort Apr
nation, where i is optically thick (Xu et all 1992). However, the 13, where Pa lines as high as the42 transition at18750 can be
lack of any clear absorption in the Balmer lines would disfav seen close to the GaNIR triplet.
this scenario. Alternatively, if bl is optically thin, a lower elec- To estimate the temperature of SN 2009ip in 2013 April, we
tron temperature and a higher density than at peak couldaperh fitted a blackbody function to the spectra obtained in 2018IAp
give rise to the observed decrement (Drake & Ulfich 188Tpe with the exception of the WiFeS data. The regions of the spec-

trum around K and H3 were excluded from the fitin all cases. We

6 In|Eraser et al. (201Ba), we did not use the resulis of Drakdr&l) as
the high luminosity of the 2012b event requires the inclusibthe radia- the assumption of Drake & Ulrich that the radiation field isakés more
tion field when computing line fluxes. Here, as SN 2009ip is Imfiainter, appropriate.

© RAS, MNRASO000,[I}-??



SN2009ip at late times 11

N i e e s el T
%) B ay ctP ay
5 14e-16 I‘ 013 May 23 12013 Dec IL ¥
P  1.2e-16 i‘ﬂ :
T 1e-16 i
£
S 8e-17 “ i
p !
oL 6e-17 NH
-
' 4e-17 \ W “
S 2e-17
3 O 11 'l HII“"'J‘IIllmﬂlllliil|ll MNFMIMW“NMMW‘M
* 3600 3800 4000 4200 4400 4600 4800 5000
|/
8e-17 ; |

I
6e-17

4e-17 |

2e-17

:

" W
m ol xlhmhummmm ﬁmlﬁwwm'm“ﬂﬁ

|
‘MIM| LM |L| 1|“ [kl “ lll]l'l IAIII“I""“HNUN bl muwmm“‘uml“‘“h
6e-17 f
if M

|
5000 5200 5400 5600 5800 6000 6200 6400

5e-17 |

3e-17 E

2e-17 f ’

I T
| b ||| ,,* f 0
!immw" i, KMH 1mmmnm mm
7e-17 M’ .......
4e-17 |
le-17 | i m

Mﬂuu Lo

e
a'”*%r

WI

U bk il lthmIHM ot o adit b Hl
6600 6800 7000 7200 7400 7600 7800 8000

8e-17
6e-17 o I Redshifted Call
4e-17
2e-17

0 |

Cal ! -t
......... VRN A i R s A L = L R R
8000 8200 8400 8600 8800 9000 9200 9400

Rest wavelength (A)

Figure 10. Rest frame high resolution VI:IXShooter, VLT+FORS and GemiriGMOS spectra of SN 2009ip, taken between 2013 May and 2014 IM#ye
top panel, the VLFXShooter spectrum from 2014 May 7 has been multiplied by Zffamity, all other spectra have beefiset in flux as necessary. The 2013
May 6 and 2014 May 7 XShooter spectra have also been boxcastsatbusing a 15 pixel window (red and black lines) to emeatie weaker features.
Bt NeMRABIBHERES, and the region of atmospheric ritism between 8900 and 9900 A are marked with symbol.



12 M. Fraser et al.
Date
Dec 2013 Jul 2014

T T T T L | T T

I
gt !

Apr 2013
2

1.5
I 1

0.5

15

V
H
""|""|""“""__'H"'|""“""|""|'|""L|""

1
7
m
0.5 i % E? i
] ¢
O 1 l 1 1 l 1 1 l 1 1 l 1
300 450 600 750
MJD - 56193

Figure 6. TheB-V, V-RandV-H colour evolution of SN 2009ip between
2013 April and 2014 December. Limits on the colour of SN 2p0&iom
epochs where it was only detected in a single filter, are atdit with ar-
rows. The colour curves have been corrected for foregroutidogion.
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Figure 7. BVRIJHK pseudo-bolometric lightcurve of SN 2009ip (open
points; Pastorello et El. 2013; Fraser et al. 2013a), plesattitional late-
time data presented in this paper (solid points). For corsparwe
show the core-collapse SNe 2005Cs (Pastorellol et al.| 2009)2804et
(Maguire et al. 2010) shifted so that their explosion epoelcimes the start
of the 2012a event.
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Figure 8. The fraction of flux in optical BVRI), NIR (JHK) and MIR
(Spitzej bands for SN 2009ip during the tail phase. Epochs later 20413
December have scant NIR coverage (SN 2009ip is detectétbamd only)
and hence are not shown; the time period covere8itzerMIR observa-
tions is also indicated.
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Figure9. Lower panelR-band lightcurve of SN 2009ip between 2013 April
and December, after the subtraction of a linear least-sgurto the data
points. Upper panel: Lomb-Scargle periodogram of the savherew is
the angular frequency in radians per day, and power is itrarpiunits.
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Figure 11. Evolution of the Hy line profile over time. The sequence con-
tains all optical spectra from Tallé 3 which cover the wavgte of H,
with the exception of the EFOSC2 Gr#13 spectra which werewéf res-
olution. The date of each spectrum is indicated, as is theghelative to
the start of the 2012b event, M356193. All spectra have been convolved
with a Gaussian to degrade them to a common resolution=400R0, have
been normalised to the peak ofHand have been shifted so that the peak
of Ha is at 0 A. The emergence of a red shoulder in#d at the end of 2014

is apparent in the final two spectra.

Table 4. Measurements of the FWHM ofdin SN 2009ip, as found from
a Gaussian fit to the emission.

Phase (d) Date FWHM (&)
202 2013-04-12 34.3
201 2013-04-13 37.1
203 2013-04-14 36.3
209 2013-04-20 36.7
222 2013-05-03 35.1
226 2013-05-06 33.1
239 2013-05-20 34.4
245 2013-05-26 32.7
264 2013-06-14 33.2
272 2013-06-22 323
280 2013-06-30 33.0
303 2013-07-23 33.0
323 2013-08-12 32.7
374 2013-10-03 32.2
428 2013-11-26 31.2
434 2013-12-02 30.1
589 2014-05-06 28.2
590 2014-05-07 28.7
590 2014-05-07 26.2
726 2014-09-20 25.3

measure anfiective temperature of 4800 K at this epoch+@00

d). Subsequent spectra show a slight increase in flux to te bl
of ~5500 A, but this is likely caused by a relative increase in the
strength of the Fa multiplets between 5000 and 5500 A. We ob-
serve a similar #ect in theB-V colour. At later epochs, a clear
continuum arising from a photosphere cannot be discermetisa
we cannot measure a physically meaningfiietive temperature.
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In addition to H, we see He, Na, Ca, and Fe in the spectrum of
SN 2009ip in 2013 April. Weak HeA7065 is also present in emis-
sion. The other transitions of He in the optical are unfoatety
blended with other lines; HeA5876 is blended with NaD, while
both the 14922 andA5015 Hei lines lie in the region of strong
emission from Multiplet 42 of Fe. We also tentatively detelet
16678 which was seen at earlier epochs (Fraser et al. 201Ba). T
He 1 17065 line is not particularly clear in the April 3 spectrum,
and so we instead measure its FWHM in the April 14 spectrum
taken with EFOSC2- Gr#16, where we find it to have a FWHM
of only ~1000 km s, which is significantly slower than &l The
0118446 line can also be seen to emerge in the April 13 spectrum,
with a FWHM of ~1250 km s?. This feature was possibly present
in the earliest spectrum taken on April 3, albeit blendechwiite
blue wing of Car 18498. There is perhaps some contribution to the
line from the 18-3 transition of H #8438), although the intensity
of the feature in comparison to the other Pa lines suggestéitis
not the dominant element contributing to any blend. Furttoee,
the feature grows in strength over the following six montws)sis-
tent with the line being formed primarily by O. Q18446 emission
in Type Il SNe typically arises via Lymag# pumping in Or 11026
(e.g. Oliva 1993). The strength of this line in Type Il SNe basn
interpreted as radiative cross-talk between H and O zonkg(O
1993;/ Jerkstrand et ial. 2012), although unless it is vepngtrthe
18446 line (and Q 1.129um) can be produced Ly-beta scattering
in primordial material.

The only line with a clear absorption component is N2,
which has a P Cygni profile with a minimum-a8000 km st. The
peak of the emission is at 5896 A, indicating that the emisgo
definitely caused by Na, although we caution that the abisorpt
may be contaminated by Hel5876. There is also a tenuous de-
tection of a second absorption component in NaE000 km s?,
which would match to the two component absorption seen in ear
lier epochs|(Fraser etlal. 2013a). NB tends to remain optically
thick for a long time, as it is a resonance line from the ground
state, and so it is unsurprising that we continue to see pbsor
tion. [Can] 217291,7324 is present, as is the TR triplet in
pure emission. [Ca] appears broader than other features, which
is due to the blending of the two components in a doublet, and
possibly due to some contamination from Ha7281. We mea-
sure a FWHM of 1700 km3 for the 28662 line in the Car NIR
triplet, similar to the H and He velocities. Aside from thdises,
the only other features present are from Fe, where we seeateve
permitted multiplets in Fe, the strongest of which is Multiplet 42
(Moore|1945); although there is undoubtedly contaminatiom
He 1 14922 anda5015. We also see a possible weak feature at
~7720 A, although this region isffected by telluric absorption.
The feature is fiset by—2000 km s* from the rest wavelength of
O 1 A7774, and an alternative identification could be1F&710.
The permitted Fe and Na, and the permitted and forbidden €a ca
all likely be accounted for by primordial metals in the e of
the starl(Li & McCray 1993; Maguire etial. 2012; Jerkstrandlet
201:2E; we stress that these elements were all seen at comparable
velocities by Pastorello et al. (2013) in spectra of SN 20@8ken
two years prior to the 2012a and 2012b events, and hence tcanno
be unambiguously associated with the products of SN nugiteos

7 Although | Maguire et al.| (2012) arld_Jerkstrand et al. (201@s@nted
models for the lower mass red supergiant progenitor of a T¥p&N, the
conclusion that much of the line emission seen at late tiriessafrom the
envelope should also apply here.



14 M. Fraser et al.

thesis. The similar velocities measured for H, He and Ca s a
consistent with these lines forming in the same location.al¥e
note that whatever the identification of tk@720 A feature, both
Fe1r 17710 and Q 27774 were seen in the September 2009 spectra
(Pastorello et al. 2013). The only ambiguous feature in feetsa

of SN 2009ip in 2013 April is a line around4580 A, which could
possibly be identified with Mg] 214571. The feature is centered
600 kms? to the red of the rest wavelength of Mg. As discussed
later, we do not see the MdL.5 um line in the NIR spectra taken
around this epoch, although the NIR line is a recombinatithar
than a cooling line.

In the XShooter and GMOS spectra obtained in 2013 May,
we observe the first evolution in the spectra of SN 2009iph wit
the strengthening of thé8446 Ou line (Fig.[10), which was only
marginally detected in 2013 April. By 2013 September, time i
has grown in strength to be comparable with the componeriteof
close by Car NIR triplet. In the June 30 spectrum, we see the emer-
gence of [Fai] 17155. The feature is quite weak, but continues to
grow in strength until our latest spectrum in December.rige
ingly, the 27155 feature was not seen in the spectra covering the
pre-2012 evolution of SN 2009ip (Pastorello €t al. 2013)ijevitne
line is often seen during the nebular phase of core-coll§bée

The final significant change in the spectrum of SN 2009ip
in late 2013 is the emergence of what appears to be weak [O
A16300,6364 in the VLF¥FORS spectrum taken on October 2.
Emission lines consistent with both components of the dzildrle
seen, an appear to have approximately the same intensiggeTh
lines were also seen by Fox ef al. (2015) in their spectrumNof S
2009ip from 2014 June. The lines are quite weak but cleady; re
they are detected in two separate spectra, most clearly ¢o+ Oc
ber 2, where the spectrum has/&$n the continuum of25. The
lines are also comparable in strength to the nearby Muttiplle
of Fen, as can be seen in F{g.]12. As an alternative identification,
the presumed O lines could be associated withiHeowever we
were unable to find a consistent match to any of the common mul-
tiplets (Mooré 1945). Multiplet 40 has a line at 6369 A whichai
reasonable match, however there should also be strongssiemi
from the same multiplet at6432 (which is possibly blended with
the line at 6445 A), and at6516 (which may be lost in the blue
wing of He. Multiplet 200 has a component 26305, but again
this should be accompanied by a line of approximately theesam
strength att6175 which we do not observe. In the October 2 spec-
trum, we fitted Lorentzian profiles to the two components &f th
O doublet and measured an average FWHM of 1400 Rnwile
in the December 1 spectrum we measured 1200 ®masd 1400
km s for the 16300 and16364 lines respectively. This velocity is
similar to that seen in the nearby Fe Multiplet 74 at 1400 kin's
and consistent with that of &

A ratio of 1:1 between the intensity of the two components of
[O 1] 2126300,6364 would suggest optically thick conditions where
the lines are forming; if the lines are forming in the ejedten
the line ratio would be expected to increase to 3:1 over tighea
ejecta expands and the density decreases (e.g Chugai F982).
mordial [O1] 116300,6364 is always observed in the 3:1 ratio, and
hence an observed ratio efl:1 is suggestive of synthesized oxy-
gen which has a higher density. However, as can be seen ifiZig.
its also quite possible that there is contamination of6864 line
by the many iron-group lines in this region. Furthermoregane-
collapse SN spectra the [(Plines are much stronger than these
surrounding Fe lines; and so if this is synthesized oxygemass
must be very small. In later subsequent spectra taken in, 20dge
lines are not detected, as can be seen in[Flg. 12.
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Figure 12. The region of the presumed [{P116300,6364 doublet in two
late time spectra of SN 2009ip, taken in 2013 October and mbee The
rest wavelengths of the two components of the doublet, alwitly those

of the nearby Fer Multiplet 74 are indicated. The 2014 May 7 spectrum
is also shown in light blue, but even after binning (dark Hine) the [O1]
doublet is not visible at this epoch.

The XShooter and GMOS spectra obtained in 2013 October
also reveal some structure in the Ca lines. As can be seeg.[@i
all three lines of the Ca Il NIR triplet show an additional sgion
component, fiset by~550 km s* to the red. This feature is real, as
it can be seen in multiple spectra affdrent epochs and from dif-
ferent instruments. It is unclear whether the redshiftedponents
are also present in the [Gd 2117291,7324 lines; as these lines are
only separated by-30 A, they appear blended together and any
additional component would be hard to disentangle. A siméd-
shifted emission component is not seen in any of the otharesiés,
with H, He and Fe all showing relatively symmetric profileheT
lines of O are weak, while NeD is blended with He, making it dif-
ficult to assess their profiles, however neither of theses Igf®ws
an obvious emission shoulder either.

SN 2009ip was behind the Sun during the period from 2014
January to March. When SN 2009ip was first observed again in
2014 April, it appeared to be relatively unchanged from trevip
ous spectrum in 2013 December (Hig. 4). Interestingly, ant ¢
trary to naive expectations if SN 2009ip had undergone -core
collapse, the [G] 116300,6364 feature had not strengthened since
its first appearance in 2013 October. In fact, only 6800 com-
ponent of the doublet was detected in the XShooter spectmom f
2014 May. Whether the naive expectation that][@ould continue
to strengthen is, of course, uncertain; the models of Jenkdtet al.
(2014) only cover the period up te450 days after core-collapse,
by which point the [Of lines appear to have reached their maxi-
mum strength.

The subsequent spectrum we obtained of SN 2009ip using
VLT +XShooter in 2014 May also revealed an additional emission
component in the red wing of the Balmer lines. The featureéns
to be dfset by+500 km s* from the rest wavelength of&] and is
also seen as a faint shoulder ig.lGraham et al. (2014) also saw
a slight excess of flux in the red wing ofeHn as early as 2013
June, although at this stage the asymmetry was less cleathtba
distinct shoulder seen in our data from 2014 May. The vefaufit
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the red emission feature indHis similar to that seen in the sec-
ond component of the Ca Il NIR triplet in 2014 October; we note
that the redshifted Ca emission is also still present atehizch.
We also note that the He emission lines in the 2014 May XShoote

spectrum are extremely narrow, with H&7065 having a velocity i ! ‘ ! ]
of only ~180 km s* as measured from the FWHM of a Lorentzian 6570 ° -
fit to the line. This is marked contrast to the velocity of 750 &* < - ° 3
measured in the same line in the XShooter spectrum takenra ye;::, 6565 :_".‘. : o
earlier in 2014 May. It is also significantly lower than théogities < 6560 3 ° o g E
seen in the Balmer lines, which have FWHM of around 1000 &m's C ]
in 2014. We also see similarly low velocities in the line al60% %:I::”:I:””I””:I:””I”:”I:””I::
suggesting that this is dominated by H¥016 at this stage, rather 4™ £ 9 E
than by Far Multiplet 42. ‘v 1600 F g% 3

Our final spectrum of SN 2009ip was obtained on 2014 E s oPee o ]
September 19, and is similar to those from 2014 April and May. = 1400 ] E
The spectrum has an excess of flux in the blue, which we attribu = : o ]
to a pseudo-continuum formed of many weak Fe-group lines. H < 1200 3 d o
and HB are still present, with narrow~(000 kms?) Lorentzian - 1000 T FETETE TTET PR PR ST I

profiles. [Caun] is present, while it is unclear whether Na is still
detected due to the He emission at 5876 A which could mask the
presence of NaD. Finally, the He lines are extremely narrow, with
velocities of only~200 km s*. The lower velocities for the He lines
when compared to H suggest that these may arise fr@erelnt re-
gions. Such relative strength of the He lines may also paird t
CSM which is richer in He than a typical Type lin SN.

We measured the FWHM and central wavelength ofifiall
the spectra obtained of SN 2009ip; these measurementsiaetit
Table[4. Each spectrum was convolved to a common resoluatiwh,

a Gaussian was fit tod] allowing the central wavelength, FWHM
and a normalisation constant to vary as free parameterse@/es
systematic shift in the position of dHover time, suggesting that
substantial dust formation is not occurring. The measusddes
for the FWHM of Hx are plotted in Fig[l3. From Fi§. 1.3, the
decrease in FWHM of Hl over time, from~1600 kms? in 2013
April, to ~1100 km s in 2014 September, is clear.

While |[Smith et al. [(2013) suggested that dust formed in the
material lost by SN 2009ip during previous eruptions, we fiod
evidence for dust formation since the peak of the 2012b evwent
the spectra obtained for SN 2009ip between 2013 April anadt201
September, H appears to be centred on its rest wavelength, with
no systematic blueshift which would be indicative of dustrthrer-
more, we see no sign of a deficit of flux in the red wing af.H
We also do not observe any shifts or deficit in the red wing ¢f an
of the other lines. The H-K colour is positive, while J-H isgae
tive, and the V-K colour is only 1.5, providing ambiguousd®mnce
for a K-band excess. Furthermore, as the flux in the continaftim
SN 2009ip is relatively weak compared to the strong line siois
it is possible that broad band photometry does not provideca g
estimate of the shape of the underlying SED.

4.2 NIR spectra

The NIR spectra of SN 2009ip are shown in gl 14, while in Fig.
[I5 we show a zoomed in region of the 2013 May XShooter spec-
trum, covering the location of the first overtone of CO. Thecsp
trum taken with the NIR arm of XShooter in 2014 Mayff&us from
extremely low @N, and hence is not discussed here. The two spec-
tra from 2013 were taken less than a month apart (with no appar
evolution between them), and are dominated by H, and to aress
extent He. We see the Pa lines, includingRéich is of sdficient
strength to be recovered even with the strong high atmogphler
sorption between 1.8 and 2.tn. Lines from the Brackett series are
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Figure 13. The central wavelength and FWHM ofeH These values were
measured for all spectra via a Gaussian fit to the line.

visible in the XShooter spectrum. We also observe the tvemgest
Herlines at 1.08 and 2.0bm.

The Mg line at 1.5um is not observed in either of the NIR
spectra, although we note that th&NSer pixel in the continuum
is ~3 for the 2013 May 6 spectrum. We take the measured flux of
2.5x10717 erg st cm? in the weakly detected (and nearby)-24
Brackett line as a conservative upper limit to the flux in thg M
line. The measured flux of the possible Mgi4571 line at this
epoch is 1.&1075 erg s* cm 2 implying that the latter is at least
~60 times stronger. This implies that that the formation of i!g
14571 and Mg 1.5um are diferent, with the former a cooling line
from primordial gas, while the latter is a recombinatioreliwith
no strong contribution from primordial Mg.

The extreme red part of the XShooter spectrum shows an in-
crease in flux at around 2.26 and beyond. Fig. 15 shows a com-
parison of this to the Pfund series in the limit aH5c0, also shown
are the bandheads from molecular CO emission. The obsenved i
crease in flux is roughly consistent with the position of $heand
while the flux calibration of the observational data is leatiible
at the edges of spectra, it seems plausible that CO has begun t
form by ~280 days after the start of the 2012a event. If this is the
case, then the measured 48 fluxes fromSpitzer+ IRAC pre-
sented in Sectiol] 2 should be regarded as upper limits todhe c
tinuum flux, as the filter covers the wavelength of the fundatale
emission from CO. We note that CO band heads have been seen
in before in cool, evolved stars (Bieging etlal. 2002); wigi® has
also been seen in Eta Car, where it is believed to have formed i
CNO-processed material (Loinard etlal. 2012). From this bs-
sible presence of CO emission here cannot be taken as egidenc
either for or against a core-collapse.

5 DISCUSSION AND CONCLUSIONS

Despite the fact that SN 2009ip is one of the best monitored ex
tragalactic transients to date, even five years after itmimliscov-
ery it continues to present a puzzle. Perhaps the most signifi
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Figure 14. NIR spectra of SN 2009ip. To aid in the identification of linasinned version of each spectrum is shown in black, whéeuttbinned spectra are
in grey. The red shaded areas correspond to low atmosprangntission. The final XShooter spectrum taken in 2014 Mayados essentially no flux in the
NIR from SN 20009ip, with the possible exception of some lingssion from He 1.08um.
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Figure 15. K-band region of the XShooter spectrum from 2013 May 6 (in
grey) showing the increasing flux at red wavelengths, aloitly & smoth-
ered, binned version of the same spectrum shown with a biaek The
positions of the CO 3-» 2 and 2— 0 band heads are also shown, along
with the Pfund series and Biand Her 2.06um.

among these questions is whether SN 2009ip has indeed explod
as a core-collapse SN.

5.1 Theenergeticsof SN 2009ip

The lightcurve of the 2012a event appears to follow a steessy r
to peak, followed by a symmetric decline. This is reminisozn

the diffusion peak seen in Type | SNe. In fact, in the scenario pro-

(3KMe,~ )1/2
tg =
471'CVej
whereM,; andve; are the ejecta mass and velocity respectively,
the opacity of the ejecta, ards the speed of light. If we take the
~20 day rise of the 2012a event as being characteristic ofithe d
sion time, and a velocity of 8500 km’s(from the minima of the P
Cygni absorptions in the Balmer lines; Pastorello ¢t al.3304and
assume an opacity=0.35 cnt g~ (assuming e scattering dom-
inates in the H-rich ejecta; Rybicki & Lightman 1979), theeh
mass of the 2012a event is on¥p.44 M.

We note that there are two caveats to this estimate, namely
whether such a simplistic estimate is appropriate hereyndnadher
the absence of photometric coverage in the UV bands duriag th
rise of 2012a event has a significant influence on the boldmetr
lightcurve. The optical flux after maximum in the 2012a ewsas
a factor~6 greater than the UV qulSa), and while
the dfective temperature prior to the 2012a event maximum was
higher, it did not reach the 17000 K seen in the 2012b evenhwhe
the UV flux contributiondid dominate prior to maximum light
(Fraser et 2l.). All in all, we consider it unlikely that theape of
the 2012a event lightcurve would be drasticallffetient with wider
wavelength coverage. Whether such a simplistic estimatief
lightcurve is suitable in the case of SN 2009ip is less certaipar-
ticular, the Arnett model assumes a centrally located p@oarce
for a transient, while in the case of SN 2009ip, this may bekip
mented by additional energy from interaction with a CSM. Non
spherical geometry may also significantlffext the behaviour of
SN 2009ip. However, and with these caveats in mind, a toy inode
may still provide a useful guide as to the energetics and esdss
volved. In particular, if the 2012a event is the core-cakapf SN
2009ip, then the ejecta mass estimate should be reasorglidy v

@)

posed by Mauerhan etlal. (2013) for SN 2009ip, the 2012a event and at least should provide an upper limit.

was the weak explosion of SN 2009ip as a core-collapse SNgwhi
the 2012b event was caused by the ejecta from this evemtghitie
CSM).

FoIIowing (1996), the diiusion timescale for a homolo-
gously expanding, spherical body of uniform density canHmans
to be approximately

If we assume that 0.44 Mwas ejected at8500 km s? at the
start of the 2012a event, and that the 2012b event was powgred
the kinetic energy of this material, then thé&0 days until the start
of the 2012b event would imply the inner edge of the CSM lies at
4x10' cm (270 AU) from the progenitor.

Toy models have been used to estimate the ejecta and
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Figure 16. Bolometric lightcurve of SN 2009ip, compared to the energy
from the decay of 0.015 Mof %6Co (based on the upper limit to the mass
of %6Co ejected by SN 2009ip from Fraser €' al. (2013a); assurnihtdp-
ping ofy-rays in the ejecta, and to a power law fit to the late time tighte
with exponent-1.74).

CSM characteristics of interacting SNe (e.g9. Chugai & Daezi
1994; | Moriya et al.| 2013; Chevalier & Fransson 1994). From
Moriya et al. (2013), we see that in the case of steady mass los
(o < R™?), the late time luminosity decline should follow t=15
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Figure 17. The profile of Hr as seen in the XShooter spectrum obtained on
2014 May 7 (black), compared to the line profile observed ferdde year
earlier on 2013 May 6 (red). The wavelength scale is shovativel to the
rest wavelength of the line, the red emission shoulder diseuliin the text

is clearly visible at-550 kms1.

(eq. 29). In the case of SN 2009ip, we measure a decline with a the [O1], and indeed the other lines which are plausibly associated

time dependence t~174 as shown in Fig_16. The disagreement
with the expected slope for steady mass loss is unsurprigingn
the observed eruptive behaviour of SN 2009ip prior to the2201
and 2012b events.

The emergence of the red shoulder seen in thdihe at late
times (shown in more detail in Fig.117) is evidence that thestill
structure in the CSM around SN 2009ip at this epoch. A possibl
formation mechanism for the feature could be interactiawben
ejecta and CSM on the far side of SN 2009ip, where the energy
from X-rays created at the shock interface is absorbedligdad.
the emergence of a new kinematical component. In this chse, t
absence of a corresponding feature in the blue wingmirtdicates
asymmetry about SN 2009ip along the line of sight (consistéth
the findings of Mauerhan etlal. 2014 from spectropolarim)eitje
note that a similar line profile was seen for some Type lin Site,
cluding SN 1995N|(Pastorello etlal. 2011). The decreaseampr
nence of the wings of Hover time is indicative of reduced electron
scattering. This is a consistent with the decreasing enienoyt,
giving rise to lower ionization.

5.2 Possible nucleosynthesisin SN 2009ip

The presence of strong, broad O in late-time, nebular spectr
is a classical signature of a core-collapse SN (CCSN).ij[O
116300,6364 is formed from both primordial O in the envelope,
and synthesised O from the core of the progenitor, and thbleobu

is seen to be stronger for more massive progenitors (whiotago
more massive cores, e.g. Jerkstrand gt al.|2014). The aymeanf
weak [O1] in the spectrum of SN 2009ip approximately a year af-
ter the 2012a event could hence be seen as evidence that 8§ 200
did indeed become a genuine SN. However, if this were the case
then we would expect [@ to become progressively more promi-
nent over time, as the density of the line emitting regiorhim N
core decreases (elg. Jerkstrand gt al.[2012). In contrastegthat
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with a CCSN such as [Rg 17155, remain weak.

We also note that even without nucleosynthesied material
from either a SN explosion or stellar evolution prior to epie,
radiative transfer models of nebular Type Il SN spectra ¢aws
emission from C, Na and O solely arising from primordial niatle
which was present in the stellar envelope. In Eig. 18, we hlet
emission from the inner H zone at 400 days, from the CCSN model
of Jerkstrand et all (2012). This model shows a reasonablehma
to the observed 2013 October 2 spectrum of SN 2009ip, which wa
taken at a similar epoch relative to the start of the 2012atelée
[O 1] 2116300,6364 lines are present in the Jerkstrandlet al. (2012)
model, and are actually stronger than those observed in 88i20
In this model, cooling of the H gas occurs through metal lsgsh
as [Can] 147291,7323, the Ca NIR triplet, [Fen] 27155, [O1]
A16300,6364, and Mg 14571, while recombination gives rise to
lines from H, He, and some of the metals. The presence of these
lines emphasises the need for detailed modelling to distsiga
spectrum arising from H gas with metals at solar abundares (
in a wind or non-terminal outburst) and that of such gas plidi-a
tional metals (as in a CCSN).

From |Groh et &l. [(2014), a 60 Mstar (as inferred by
Foley et al.| 2011 for the progenitor of SN 2009ip from pre-
explosion images) will have a final mass of 12, Mt the point
of explosion. Such a star will produce a few solar masses of
O during hydrostatic burning before it undergoes coreapsié
(Woosley & Heger 2007), which is on the order of the ejected O
mass in SN 1987A (Li & McCray 1992). If we assume that the den-
sity in SN 2009ip with respect to SN 1987A will scale accogdin
to the inverse cube of their relative ejecta velocities t tames,
then the O density in SN 2009ip would be a factdiO higher than
the latter. As optical depth evolves witt?, one would have to wait
V10 (~3) times longer for the transition to optically thin condits
in SN 2009ip. As this transition occurs after a few hundregsda
in most core-collapse SNe, it may take several years in SIig00
Our latest spectrum of SN 2009ip was taken-dtyears after its
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possible core-collapse in August 2012, so the appearan® §f
lines would not be implausible at this epoch.

The ejected®Ni mass from SN 2009ip is another poorly con-
strained parameter. While energy from CSM interaction réiouttes
to an unknown fraction of the flux in the late-time lightcuriteis
only possible to set an upper limit of the Ni mass. Still, thmait
derived (My; <0.02 M,) seems lower than would be expected for a
~60 M,, progenitor ((Nomoto et al. 2006) without fallback.

While [O1] is usually associated with CCSNe, there is a prece-
dent for a stellar object displaying these lines, in the aafstne
B supergiant CPD-53243 (Swings 198.1; Winkler & Wolf 1989).
Interestingly, CPD-52243 is classified as a Ble] star; a class of
massive stars which show evidence for a circumstellar desk-
iniscent of the torus around SN 2009ip inferred from spguiro
larimetry (Mauerhan et &l. 2014). We also note that the ajppea
of [O1] 2116300,6364 is not ubiquitous in purported SNe - for exam-
ple, no strong [Q] was seen in the Type IIn SN 1995G-&2 years
from explosion|(Pastorello etlal. 2002), while in contrasise lines
were clearly seen for SN 1995N (Fransson &t al. 2002). Trswrea
for the absence of the lines in some SNe is unclear; in sonescas
it may indicate that these are not genuine CCSNe but arerrathe
SN impostors, while in other cases (such as the bright, avdysl
declining SN 1995G) it may simply reflect higher densities.

6 CONCLUSIONS

Questions remain as to if, how, and why SN 2009ip exploded.
There is now evidence that some very massive stars can explod
as Type lIn SNe during a luminous blue variable (LBV) phase
(e.g. Trundle et al. 2008; Gal-Yam & Leonard 2009). Accogdio
stellar evolutionary theory, such massive stars are nceagg to
explode as H-rich LBVs, but rather are believed to lose thair
velopes to become Wolf-Rayet stars, before exploding as Typ
SNel Groh et all (2013, 2014) have recently used models cfiveas
stars, coupled with a model atmosphere code, to predicipibesa-
ance of massive stars shortly prior to collapse. From detaiiod-
elling of a rotating 60 M star (similar to the progenitor proposed
for SN 2009ip by Foley et al. 2011), they find that it will under

SN lines is evidence against core-collapse, however thsitgen
the ejecta may still be too high for their formation.

Finally, the physical mechanism powering the outbursts of
SN 2009ip prior to 2012 remains unknown. As discussed in
Fraser et al. (2013c) for SN 2011ht, and in Smith et al. (26a¢d)
SN 2009ip, the timing of the late time eruptions so soon leefor
a possible core-collapse may suggest a link between theTtia®.
availability of well-sampled pre-discovery light curves fa large
sample of SNe can help shed light on the ubiquity of these-erup
tions (Ofek et al. 2014), and help distinguish between sohtkeo
proposed explanations (¢.g Quataert & Shiode 2012; Woeslaly
2007) for the mass loss. Of course, if SN 2009ip can be conclu-
sively demonstrated to haveot undergone core-collapse (for ex-
ample, if it is seen to undergo a new outburst), then the ificeass
tion and interpretation of observationally similar trargs such as
SN 2010mc|(Ofek et al. 2013a) will necessarily need to besrevi
ited.

Continuing observations of SN 2009ip are required to moni-
tor the photometric and spectroscopic evolution of SN 2808nd
in particular to check if it fades significantly below the mégde
of the progenitor candidate. Alongside this, detailed spéand
hydrodynamic modelling is required to interpret the wealtlob-
servational data obtained so far, to securely identify ihesl seen
in SN 2009ip, and to form a clearer picture of the true natfi®h
2009ip.

7 ACKNOWLEDGEMENTS

Based on observations collected at the European Orgamidati
Astronomical Research in the Southern Hemisphere, Chifmgs
of ESO programs 291.D-5010 and 092.D-0586, and as part of
PESSTO, (the Public ESO Spectroscopic Survey for Tran€ient
jects Survey), ESO program 188.D-30D31.D-0935. This work is
based in part on observations made with the Spitzer Spaee Tel
scope, which is operated by the Jet Propulsion Laborataay, C
ifornia Institute of Technology under a contract with NASRr¢-
posal ID 90255). Based on observations (GS-2013A-DD-3 &&d G
2012B-Q-86) obtained at the Gemini Observatory, which is op
erated by the Association of Universities for Research itréks

an LBV phase between the end of core H-burning and the start of omy, Inc., under a cooperative agreement with the NSF on be-

core He-burning. The star will ultimately evolve to a WO stard
explode a H-poor SN. While the peripheral location of SN 2009
within NGC 7259 is suggestive of a low metallicity progenjibis
unclear whether this could reduce the mass loss rate by arfoug
a 60 M, star to retain its H envelope to the point of core-collapse.
Heger et al.|(2003) find that while their non-rotating modsisve
~40 M, result in a H-free SN, at lower metallicities the star will
collapse directly to form a black hole, with no accompanyapg-
cal display.

Neither the core-collapse nor the non-core-collapse sieEna
can be entirely excluded yet for SN 2009ip. The energetias an
ejecta velocities seen during the 2012a and 2012b eventbomer

half of the Gemini partnership: the National Science Fotinda
(United States), the National Research Council (CanadaNIc
CYT (Chile), the Australian Research Council (Australisin-
istério da Ciéncia, Tecnologia e Inovagao (Brazil) Midisterio de
Ciencia, Tecnologia e Innovacion Productiva (Argentiiae Liv-
erpool Telescope is operated on the island of La Palma byphoge
John Moores University in the Spanish Observatorio del Ratpi
los Muchachos of the Instituto de Astrofisica de Canariak Wit
nancial support from the UK Science and Technology Faedliti
Council. This work makes use of observations from the LCOGT
network. Some of the data presented herein were obtaindtkat t
W.M. Keck Observatory, which is operated as a scientificrymart

to those of a core-collapse SN than a SN impostor. On the other ship among the California Institute of Technology, the &nsity

hand, broad (albeit much weaker) lines were seen in SN 2G@9ip
early as 2011 (Pastorello etlal. 2013). Furthermore, thesjeated
Ni mass is dificult to reconcile with the collapse of-60 M, star,
unless fallback is invoked. However, even fallback presgmob-

of California and the National Aeronautics and Space Adstiat
tion. The Observatory was made possible by the generousfalan
support of the W.M. Keck Foundation. The authors wish to rec-
ognize and acknowledge the very significant cultural rol @av-

lems, as one would presumably have to fine-tune a model to hide erence that the summit of Mauna Kea has always had within the

nearly all the Ni and core ejecta from SN 2009ip, but stillzoidt
ejecta velocities ok 8500 km s? as seen during the 2012a event.
It could also be argued that the apparent absence of broadlaneb

indigenous Hawaiian community. We are most fortunate teehav
the opportunity to conduct observations from this mountain
We thank the directors of the Gemini Observatory and ESO

© RAS, MNRASO000,[I}-??



SN2009ip at late times 19

R L I I B L B UL L I | M UL ISR

r K : oL o Lo 1

1.2 o o ]

— - T G .

N | — @ . : : ]
O Ul = ;

‘e 1rp iy | Sl .
o T =0 :

- I & Sl - ]

< 0.8 I .

7 : 2 Mo 3

" I 1 s | T

o 0.6 j ]

) I L |

© M o ]

‘T'O 04 ]

s : ] * ]

X 02Ff | .

[ i W\ ‘U fU' |

oFf ‘2009|p 2 October 2013 .

A PR S A AN S T PP TR (R ATAT SRR

4000 5000 6000 7000 8000 9000

Rest wavelength (A)

Figure 18. The computed emission flux from a model of the inner H zone afra-collapse SN, showing only line flux arising from matkepeesent in the
envelope of the pre-explosion progenitor, based on the hodderkstrand et all (2012) a400 days. Also shown is the spectrum of SN 2009ip obtained on

2014 October 2, approximately 400 days after the start o2@ia event.

for their crucial allocations of discretionary time to thpsoject.

We thank Emma Reilly, Jon Mauerhan, Nathan Smith, Ori Fox and
Raffaella Margutti for helpful discussions at the CAASTRO “Su-
pernova 2014” workshop.

This work was partly supported by the European Union FP7
programme through ERC grant number 320360. R.K. acknowl-
edges funding from STFC ($00007091). Part of this research
was conducted by the Australian Research Council Centrexof E
cellence for All-sky Astrophysics (CAASTRO), through peo
number CE110001020. S.J.S acknowledges funding from the Eu
ropean Research Council under the European Union’s Seventh
Framework Programme (FRD07-2013)ERC Grant agreement
n° [291222] and STFC grants 0011231 and STL0O007091.
A.M.G. acknowledges financial support by the Spanish Mémnist
de Economia y competitividad (MINECO) grant ESP2013-8126
R.A.G.-Y. is supported by an EBP7-ERC grant no [307260],
“The Quantum Universe” I-Core program by the Israeli Commit
tee for planning and budgeting and the ISF, GIF, Minerva, ISF
and Weizmann-UK grants, and the Kimmel award. F.E.B acknowl
edges support from CONICYT-Chile (Basal-CATA PFB/@07,
FONDECYT 1141218, PCCI 130074) and Project IC120009 "Mil-
lennium Institute of Astrophysics (MAS)” funded by the Ini-
ciativa Cientifica Milenio del Ministerio de Economia, riento
y Turismo. S.H. is funded from a Minerva ARCHES award of
the German Ministry of Education and Research (BMBF). A.P.
and S.B. are partially supported by the PRIN-INAF 2011 with
the project “Transient Universe: from ESO Large to PESSTO".
N.E.R. acknowledges the support from the European Union Sev
enth Framework Programme (FR@07-2013) under grant agree-
ment n. 267251 “Astronomy Fellowships in Italy” (AstroFlt)

© RAS, MNRASO000,[1-??

REFERENCES

Arnett D., 1996, Supernovae and Nucleosynthesis: An ligest
tion of the History of Matter, from the Big Bang to the Present
Princeton University Press, Princeton, NJ.

Berger E., Foley R., Ivans 1., 2009, Astron. Telegram, 21184,

Bessell M.S. 1990, PASP, 102, 1181

Bieging J.H., Rieke M.J., Rieke G.H., 2002, A&A, 384, 965

Campins H., Rieke G.H., Lebofsky M.J., 1985, AJ, 90, 896

Chevalier R.A., Fransson C., 1994, ApJ, 420, 268

Childress M.J., Vogt F.P.A., Nielsen J., Sharp R.G., 20Jp&3S,
349, 617

Chugai N.N., 1992, SVA Lett., 18, 239

Chugai N.N., Danziger 1.J., 1994, MNRAS, 268, 173

Drake S.A., Ulrich R.K., 1980, ApJS, 42, 351

Faber S.M. et al., 2003, SPIE, 4841, 1657-1669

Fransson C. et al., 2002, ApJ, 572, 350

Fraser M. et al., 2013a, MNRAS, 433, 1312

Fraser M. et al., 2013b, Astron. Telegram, 4953, 1

Fraser M. et al., 2013c, ApJL, 779, L8

Foley R.J., Berger E., Fox O., Levesque E.M., Challis R/iand
I.I., Rhoads J.E., Soderberg A.M., 2011, ApJ, 732, 32

Fox O.D. et al., 2015, MNRAS, 447, 772

Gal-Yam A., Leonard D.C., 2009, Nature, 458, 865

Graham M.L. etal., 2014, ApJ, 787, 163

Groh J.H., Meynet G., Georgy C., Ekstrom S., 2013, A&A, 558,
AA131

Groh J.H., Meynet G., Ekstrom S., Georgy C., 2014, A&A, 564,
AA30

Hamuy M. et al. 2003, Nature, 424, 651

Heger A., Fryer C.L., Woosley S.E., Langer N., Hartmann D.H.



20 M. Fraser et al.

2003, ApJ, 591, 288 Van Dyk S.D., Peng C.Y., King J.Y., Filippenko A.V., Tfers
Jerkstrand A., Fransson C., Maguire K., Smartt S., ErgorSidy; R.R., Li W., Richmond M.W., 2000, PASP, 112, 1532

romilio J., 2012, A&A, 546, A28 Vernet J. et al. 2011, A&A, 536, A105
Jerkstrand A., Smartt S.J., Fraser M., Fransson C., Sallerin Winkler H., Wolf B., 1989, A&A, 219, 151

Taddia F., Kotak R., 2014, MNRAS, 439, 3694 Woosley S.E., Blinnikov S., Heger A., 2007, Nature, 450, 390
Kashi A., Soker N., Moskovitz N., 2013, MNRAS, 436, 2484 Woosley S.E., Heger A., 2007, Phys.Rep., 442, 269
Levesque E.M., Stringfellow G.S., Ginsburg A.G., Bally J., Yaron O., Gal-Yam A, 2012, PASP, 124, 668

Keeney B.A., 2014, AJ,147, 23 XuY., McCray R., Oliva E., Randich S., 1992, ApJ, 386, 181

Li H., McCray R., 1992, ApJ, 387, 309

Li H., McCray R., 1993, ApJ, 405, 730

Loinard L., Menten K.M., Gisten R., Zapata L.A., Rodrigue
L.F., 2012, ApJL, 749, LL4

Lomb N.R., 1976, Ap&SS, 39, 447

Maguire K. et al. 2010, MNRAS, 404, 981

Maguire K. et al. 2012, MNRAS, 420, 3451

Makovoz D., Marleau F.R., 2005, PASP, 117, 1113

Margutti R. et al. 2014, ApJ, 780, 21

Martin J.C., Hambsch F.-J., Margutti R., Tan T.G., Curtis .
Soderberg A., 2015, AJ, 149, 9

Mauerhan J.C. et al., 2013, 430, 1801

Mauerhan J., et al. 2014, MNRAS, 442, 1166

Maund J.R. et al. 2006, MNRAS, 369, 390

Maza J. et al. 2009, Cent. Bur. Electron. Telegrams, 1928, 1

Miller A.A., Li W., Nugent P.E., Bloom J.S., Filippenko A.V.
Merritt A.T., 2009, Astron. Telegram, 2183, 1

Moore C.E., 1945, Contr. Princeton Univ. Observ., 20, 1

Moriya T.J., Maeda K., Taddia F., Sollerman J., Blinnikov. S.
Sorokina E.l., 2013, MNRAS, 435, 1520

Nomoto K., Tominaga N., Umeda H., Kobayashi C., Maeda K.,
2006, Nuclear Phys. A, 777, 424

Soker N., Kashi A., 2013, ApJL, 764, L6

Ofek E.O. et al., 2013a, Nature, 494, 65

Ofek E.O., Lin L., Kouveliotou C., Kouveliotou C., Younes,G.
Gogus E., Kasliwal M.M., Cao Y, 2013b, ApJ, 768, 47

Ofek E.O. et al. 2014, ApJ, 789, 104

Oliva E., 1993, A&A, 276, 415

Pastorello A. et al. 2002, MNRAS, 333, 27

Pastorello A. et al., 2007, Nature, 447, 829

Pastorello A. et al., 2009, MNRAS, 394, 2266

Pastorello A., Benetti S., Bufano F., Kankare E., MattilaT1-
ratto M., Cupani G., 2011, AN, 332, 266

Pastorello A. et al. 2013, ApJ, 767, 1

Prieto J.L., Brimacombe J., Drake A.J., Howerton S., 20J8IlA
763,277

Quataert E., Shiode J., 2012, MNRAS, 423, L92

Rybicki G.B., Lightman A.P., 1979, Radiative processessitna
physics. Wiley-Interscience, New York.

Scargle J.D., 1982, ApJ, 263, 835

Smartt S.J. et al. 2014, arXiv:1411.0299

Smith N. et al., 2010, AJ, 139, 1451

Smith N., Li W., Silverman J.M., Ganeshalingam M., Filipgen
A.V,, 2011, MNRAS, 415, 773

Smith N., Mauerhan J.C., Kasliwal M.M., Burgasser A.J.,201
MNRAS, 434, 2721

Smith N., Mauerhan J.C., Prieto J.L., 2014, MNRAS, 438, 1191

Smith N., Arnett W.D., 2014, ApJ, 785, 82

Soker N., Kashi A., 2013, ApJL, 764, LL6

Stritzinger M. et al. 2002, AJ, 124, 2100

Swings J.P., 1981, A&A, 98, 112

Trundle C., Kotak R., Vink J.S., Meikle W.P.S., 2008, A&A,318
L47

Tsebrenko D., Soker N., 2013, ApJL, 777, LL35

© RAS, MNRASO000,[I}-??


http://arxiv.org/abs/1411.0299

	1 Introduction
	2 Observations and data reduction
	2.1 Imaging
	2.2 Spectroscopy

	3 Photometric evolution
	4 Spectroscopic evolution
	4.1 Optical spectra
	4.2 NIR spectra

	5 Discussion and conclusions
	5.1 The energetics of SN 2009ip
	5.2 Possible nucleosynthesis in SN 2009ip

	6 Conclusions
	7 Acknowledgements

