
MNRAS 515, 71–81 (2022) https://doi.org/10.1093/mnras/stac1669 
Advance Access publication 2022 June 21 

SN 2009ip after a decade: the luminous blue variable progenitor is now 

gone 

Nathan Smith , 1 ‹ Jennifer E. Andrews , 2 Ale x ei V. Filippenko , 3 Ori D. Fox , 4 Jon C. Mauerhan 

5 

and Schuyler D. Van Dyk 

6 

1 Steward Observatory, University of Arizona, 933 N. Cherry Ave., Tucson, AZ 85721, USA 

2 Gemini Observatory, 670 N. Aohoku Place, Hilo, Hawaii 96720, USA 

3 Deparment of Astronomy, University of California, Berkeley, CA 94720-3411, USA 

4 Space Telescope Science Institute, 3700 San Martin Dr., Baltimore, MD 21218, USA 

5 Physical Sciences Laboratory, The Aerospace Corporation M2-266, PO Box 92957 Los Angeles, CA 90009, USA 

6 Caltech/IPAC, Mailcode 100-22, Pasadena, CA 91125, USA 

Accepted 2022 June 10. Received 2022 June 10; in original form 2022 May 2 

A B S T R A C T 

We present new Hubble Space Telescope ( HST ) imaging photometry for the site of the Type IIn supernova (SN) 2009ip taken 

almost a decade after explosion. The optical source has continued to fade steadily since the SN-like event in 2012. In the F606W 

filter, which was also used to detect its luminous blue variable (LBV) progenitor 13 yr before the SN, the source at the position of 
SN 2009ip is now 1.2 mag fainter than that quiescent progenitor. It is 6–7 mag fainter than the pre-SN outbursts in 2009–2011. 
This definitively rules out a prediction that the source would return to its previous state after surviving the 2012 event. Instead, the 
late-time fading matches expectations for a terminal explosion. The source fades at a similar rate in all visual-wavelength filters 
without significant colour changes, therefore also ruling out the hypothesis of a luminous dust-obscured survivor or transition 

to a hotter post-LBV survivor. The late-time continuum with steady colour and strong H α emission detected in a narrow F657N 

filter are, ho we v er, entirely e xpected for ongoing shock interaction with circumstellar material in a decade-old core-collapse 
SN. Interestingly, the ultraviolet flux has stayed nearly constant since 2015, supporting previous conjectures that the F275W 

light traces main-sequence OB stars in an underlying young star cluster. We expect that the visual-wavelength continuum will 
e ventually le vel of f, tracing this cluster light. Without any additional outbursts, it seems prudent to consider the 2012 event as a 
terminal SN explosion, and we discuss plausible scenarios. 

Key words: circumstellar matter – stars: evolution – stars: massive – supernov ae: indi vidual: SN 2009ip. 
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 I N T RO D U C T I O N  

nteracting supernovae (SNe), most commonly classified as Types IIn 
nd Ibn, explode in dense circumstellar cocoons of their own making, 
roducing bright, narrow emission lines when circumstellar material 
CSM) is hit by the shock wave (see Smith 2017 for a re vie w). Most
ormal SNe expand and quickly cool, radiating only ∼1 per cent 
f their explosion energy (Arnett 1996 ; Pejcha & Prieto 2015 ). In
Ne IIn and Ibn, ho we ver, strong CSM interaction can efficiently
onvert ejecta kinetic energy into heat and radiation, powering 
iverse displays that include superluminous SNe (Falk & Arnett 
977 ; Smith & McCray 2007 ), and SNe that continue shining far
onger than radioactive decay would allow (Chugai & Danziger 
994 ; Stritzinger et al. 2012 ; Fox et al. 2013 , 2020 ; Koss et al. 2014 ;
ndrews et al. 2017 ; Smith et al. 2017 ). From this CSM interaction

uminosity, one can infer the pre-SN mass-loss rate. SNe IIn generally 
equire extreme pre-SN mass-loss, far beyond what normal massive- 
tar winds can supply, evoking comparisons to eruptive luminous 
lue variables (LBVs) or the most extreme red supergiants (see Smith 
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014 for a re vie w). Ho we ver, the most direct link between SNe IIn
nd LBVs was provided by the remarkable case of SN 2009ip. 

Although SN 2009ip was disco v ered after brightening in 2009, that
vent was not a terminal SN explosion. It did, ho we ver, turn out to be
art of a remarkable sequence of pre-SN acti vity. Archi v al Hubble
pace Telescope ( HST ) images in 1999 revealed a very luminous
rogenitor star ( M V ≈ −9.8 mag), inferred to have an initial mass of
0–80 M � (Smith et al. 2010 ). Even with no bolometric correction,
his is more luminous than the observed upper luminosity limit for
ed supergiants at log( L /L �) = 5.5 or M Bol = −9 mag (Davies,
rowther & Beasor 2018 ; McDonald, Davies & Beasor 2022 ),

uggesting that it was an LBV or related blue supergiant (Smith et al.
010 ). 
About 5 yr later, it began a slow brightening by ∼1 mag and

ubsequently faded o v er the ne xt few years, reminiscent of the S Dor
ruptions typically experienced by LBVs (Smith et al. 2010 ). In 2009, 
pon its disco v ery as a new transient, it brightened rapidly to M V ≈
15 mag and faded again (Smith et al. 2010 ), evoking comparisons

o the luminosity spikes preceding the 19th century Great Eruption 
f η Carinae that occurred at times of grazing periastron passes in
hat eccentric binary (Smith 2011 ; Smith & Frew 2011 ; Soker &
ashi 2013 ). The spectra during the pre-SN eruptions of SN 2009ip

ho wed strong, narro w (550 km s −1 ) emission lines, although a fe w
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ines showed weak, broad, blueshifted absorption wings out to high
elocities of ∼10 000 km s −1 (Smith et al. 2010 ; Pastorello et al.
013 ). Once again, this is similar to some LBVs like η Car, where
he bulk of the erupti ve outflo w is ∼600 km s −1 or less, but a small
raction ( ∼1 per cent) of material is accelerated to high speeds of
000–10 000 km s −1 (Smith 2008 ; Smith et al. 2018a ). The slow
utflow speed and peak luminosity were comparable to those of
revious examples of ‘SN impostors’ (Van Dyk 2007 ; Smith et al.
011b ; Van Dyk & Matheson 2012 ). 
Then, in 2012, SN 2009ip experienced a sea change. In 2012 July to

eptember, it brightened again to an absolute magnitude around −15,
ut this time it was a more sustained brightening. More importantly,
he optical spectrum’s character changed substantially, now showing
he classic H and He broad P Cygni absorption and emission
rofiles that are characteristic of ejecta photospheres in genuine
ore-collapse SNe, with expansion speeds of ∼13 000 km s −1 

Mauerhan et al. 2013 ). The spectrum closely resembled that of a
ormal SN II-P, except with narrow CSM emission lines superposed
top the broad-line profiles. These properties announced that the
N impostor had transitioned into a real SN (Smith & Mauerhan
012 ; Mauerhan et al. 2013 ). After a brief decline in brightness
n late September, SN 2009ip suddenly brightened in a few days
o become brighter than typical core-collapse SNe (Prieto et al.
013 ). 
During the object’s −18 mag peak in 2012 October, its spectrum

ook ed lik e that of a normal SN IIn, although broad lines from
ast SN ejecta reappeared in spectra during the decline from peak
uminosity. The initial fainter brightening in August/September is
sually referred to as the ‘2012a’ event, and the main luminosity peak
n October as the ‘2012b’ event. Mauerhan et al. ( 2013 ) proposed
 scenario wherein the 2012a event was the SN explosion of an
BV, which was initially fainter than typical SNe II-P because of the
lue progenitor’s smaller radius as compared to red supergiants, and
hen the bright 2012b event marked the onset of very strong CSM
nteraction when fast ejecta from 2012a caught up to CSM produced
y the preceding LBV-like eruptions. Mauerhan et al. ( 2013 ) noted
hat the delay of ∼40 d between the 2012a and 2012b peaks made
ense, because the 2012a ejecta were moving ∼10 times faster than
he material ejected about a year earlier in slower LBV-like eruptions
i.e. they should overtake the previously ejected material in ∼0.1 yr.

n this scenario, the explosion date would be at the start of the 2012a
vent. 

This interpretation of the 2012 event as a terminal SN explosion
as supported by a variety of observational evidence discussed in

ubsequent studies. Smith, Mauerhan & Prieto ( 2014 ) pointed out
hat while a lower energy explosion within dense CSM could, in
rinciple, power the observed light curve, it could not provide a
elf-consistent explanation for the observed behaviour including the
pectra. Smith et al. ( 2014 ) established that a roughly 10 51 erg SN-
ik e explosion w as needed to explain the persistence of the very broad
 Cygni lines in the spectrum, and that these were consistent with a
ormal SN II photosphere formed in fast ejecta. At all epochs during
he 2012a and 2012b ev ents, the observ ed spectrum of SN 2009ip
as consistent with a combination of narrow CSM lines added on

op of the spectral evolution of SN 1987A at similar epochs, and was
nlike lower energy SN impostors. Moreo v er, Smith et al. ( 2014 )
ointed out that fast ejecta still seen in the spectrum after the main
012b peak required that much of the fast ejecta did not participate
n CSM interaction (i.e. they were not decelerated), thus requiring
ignificant asymmetry and again implying a 10 51 er g ener gy budget.
he 2012a + 2012b light curve of SN 2009ip was consistent with
ublished models of core-collapse explosions of blue supergiants
NRAS 515, 71–81 (2022) 
eveloped for SN 1987A, except with additional CSM interaction
uminosity during 2012b (Smith et al. 2014 ). Like SN 1987A, the
nitial 2012a peak of SN 2009ip was likely fainter than typical
Ne II-P from red supergiants because the blue progenitor had a
elatively small radius (Mauerhan et al. 2013 ; Smith et al. 2014 ). On
he other hand, the fast expansion speeds of 13 000 km s −1 seen in
N 2009ip directly contradict expectations for the often suggested
on-terminal model: a pulsational pair instability (PPI) eruption, for
hich bulk expansion speeds of only 2000 km s −1 are predicted from
 variety of models (Woosley 2017 ). The 2012a peak might also have
een intrinsically more luminous than −15 mag because dusty CSM
urrounded the progenitor; an infrared (IR) excess was seen during
he 2012a event that faded in the 2012b event (Smith et al. 2013 ). 

Spectropolarimetry pro vided definitiv e evidence that a 10 51 erg
xplosion was needed to power SN 2009ip; the highly asymmetric
SM geometry inferred from polarization meant that only a small

raction of the SN ejecta would interact with the disc-like CSM,
hus ele v ating the energy budget compared to what is needed to
ower the light curve alone (Mauerhan et al. 2014 ). Further study
f the spectropolarimetric evolution confirmed this high degree of
symmetry in the disc-like CSM (Reilly et al. 2017 ). Other studies
f the photometric and spectral evolution provided a variety of
dditional evidence that the 2012 explosion of SN 2009ip was
onsistent with a core-collapse SN IIn ev ent. F or e xample, Graham
t al. ( 2014 , 2017 ) found that SN 2009ip resembled many other
Ne IIn at late times, with broader lines than any LBV or SN

mpostor, and its broad emission lines of Ca II resembled those in
ore-collapse SNe. Late-time spectra of SN 2009ip also showed
oronal lines (Fox et al. 2015 ) like those seen in energetic core-
ollapse SNe such as SN 2005ip (Smith et al. 2009 ) and SN 1995N
Fransson et al. 2002 ), but not seen in SN impostors. From the 2012b
eak onward, SN 2009ip resembled normal SNe IIn; what was most
emarkable about it was its detailed record of pre-SN photometry
Mauerhan et al. 2013 ; Smith et al. 2014 ). Such data are not available
or most events, and Bilinski et al. ( 2015 ) showed that SN 2009ip-like
recursor eruptions would have been easily missed in most previous
N searches. Altogether, the energy budget and other clues pointed

oward a core-collapse SN or other terminal event, since it is difficult
o understand how any star could survive a 10 51 erg explosion. 

If one considers only the radiated energy seen in the light curve
and one ignores the observed high velocities and their persistence,
ther clues in the spectral evolution, and the high degree of asym-
etry indicated by spectral evolution (line profiles) and polarization
then it might seem that SN 2009ip could arise from a relatively

ow-energy explosion of only 10 50 erg or less. CSM interaction is,
fter all, an efficient way to convert kinetic energy into radiation.
his led several authors to propose that the 2012b event, which had
n integrated radiated energy of ∼3 × 10 49 erg, was not a true
ore-collapse SN, and that the progenitor would survive the non-
erminal event (Fraser et al. 2013a ; Pastorello et al. 2013 ; Margutti
t al. 2014 ). Moriya ( 2015 ) concluded that the 2012b event was not
 core-collapse SN based on a CSM interaction model for a few ×
0 49 erg explosion that could fit the late-time ( > 200 d) light curve,
lthough this model did not fit the 2012a or 2012b peaks, and it
ssumed spherical symmetry and velocities that were inconsistent
ith observ ations. Moti v ated by these claims of a 10 50 erg (or

ess) event and a comparison to much less luminous merger events
ike V838 Mon and V1309 Sco, a merger model that may include
ccretion luminosity and jet-driven CSM interaction for SN 2009ip
as also been proposed (Kashi, Soker & Moskovitz 2013 ; Soker &
ashi 2013 ; Tsebrenko & Soker 2013 ). Fraser et al. ( 2013a ) cited

n inferred upper limit to the 56 Ni mass of 0.02 M � for SN 2009ip
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Table 1. New HST Images of SN 2009ip. 

Date Data set ID Filter Exp. (s) 

2021 Dec. 14.1 IEQE01010/11 F275W 4960 
2021 Dec. 14.4 IEQE03021 F555W 1034 
2021 Dec. 14.4 IEQE03031 F606W 634 
2021 Dec. 14.2 IEQE02010/11/12 F657N 10688 
2021 Dec. 14.4 IEQE03011 F814W 634 

WFPC2 F606W
1999

WFC3 F606W
2021

SN 2009ip
progenitor

SN 2009ip
late-time
source

4”

(a) (b)

CR

Figure 1. HST images in the same F606W filter showing (a) the 1999 
progenitor from Smith et al. ( 2010 ), as well as (b) the 2021 December image 
of the late-time fading source at the position of SN 2009ip. Note that the 1999 
image is taken with the WF chip of the WFPC2 camera, and has a larger pixel 
scale than the dithered and drizzled 2021 WFC3 image. The source in the red 
box in the 2021 image is a cosmic ray residual. 
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s evidence against a core-collapse e vent. Ho we ver, this depends
n the assumed time of explosion: Fraser et al. ( 2013a ) assumed
hat the explosion was at the start of the 2012b event, but if the
xplosion was at the beginning of 2012a as proposed by Mauerhan 
t al. ( 2013 ), then a 56 Ni mass somewhat more than 0.04 M � is
llowed (Smith et al. 2014 ). In any case, such values of the 56 Ni mass
o not disfa v our core collapse, since the median 56 Ni mass inferred
or normal SNe II is only 0.03 M � (Anderson 2019 ). Similarly, while
he total radiated energy of 3 × 10 49 erg is less than 10 51 erg, this
s hardly an argument against a core-collapse event, since the total 
adiated energy is only a lower limit to the energy of the explosion.
ormal core-collapse SNe only radiate ∼10 49 erg, and the total 

adiated energy for SN 1987A was only ∼8 × 10 48 erg (Milone &
ilone 1988 ). Various other observational issues were raised, mainly 

ighlighting how SN 2009ip did not conform to expected norms for
ypical core-collapse SNe II-P without strong CSM interaction. There 
s, of course, no established precedent for what core-collapse SNe 
rom such massive stars should look like. Without a detected neutrino 
urst, it was difficult to pro v e definitiv ely that SN 2009ip was a core-
ollapse SN and not some other sort of energetic e xplosiv e ev ent. This
ingering ambiguity is largely a reflection of the frustrating fact that 
SM interaction can ef fecti vely mask the traditional core-collapse 

ignatures that observers are accustomed to seeing. 
Debate about the nature of the 2012 event has persisted. 1 Despite 

ociferous claims on either side of the ‘terminal-or-not’ argument, 
ost researchers have agreed that the late-time behaviour should 

ro vide a definitiv e test. 2 If SN 2009ip returns to its progenitor’s
uminosity or continues its eruptive LBV-like variability, then the 
tar probably survived in some form, whereas if it just continues 
o fade below the progenitor luminosity, then it is likely dead, as
n the case of many core-collapse SN progenitors that have since 
isappeared. 3 Fraser et al. ( 2013b ) announced that SN 2009ip had re-
urned to its progenitor’s brightness level, apparently confirming that 
N 2009ip had survived the 2012 event. Time proved otherwise, how- 
ver, because subsequent observations have shown that SN 2009ip 
as continued its uninterrupted steady fading up to the present 
poch. 

In this paper, we present new late-time observations of SN 2009ip, 
nding that it has now definitively faded well beyond the brightness

evel of its quiescent progenitor seen in 1999, before the pre-SN 

rupti ve v ariability be gan. Moreo v er, it has faded at a steady rate,
ith no sign of continued LBV-like variability. In Section 2 , we
resent new multifilter photometry for the point source at the location 
 Some other transients closely resemble SN 2009ip. For example, Smith et al. 
 2013 ) pointed out that the double-peaked light curve of SN 2010mc (see also 
fek et al. 2013 ) was nearly identical to the 2012a + 2012b light curve of 
N 2009ip. SN 2015bh was another very similar transient that also appeared 

o have an eruptive LBV-like progenitor (Elias-Rosa et al. 2016 ; Th ̈one, de 
garte Postigo & Leloudas 2017 ; Boian & Groh 2018 ). Gaia16cfr was also 

imilar (Kilpatrick et al. 2018 ). Since SN 2009ip is the prototype for this 
ubclass of SNe IIn, the question about the ultimate fate of the progenitor of 
N 2009ip may impact their interpretation as well. 
 It has not escaped us that this expectation is not really a definitive test 
f the explosion mechanism, and is not based on any physical model for 
ow a massive star actually recovers from a low-energy explosion. It does, 
ev ertheless, pro vide a simple testable prediction. 
 Several detected progenitors of SNe II-P have faded after the SN (Smartt 
015 ). Among more massive detected progenitors of SNe IIn, only two 
esides SN 2009ip have faded. These are SN 1961V (Kochanek, Szczygiel & 

tanek 2011 ; Smith et al. 2011b ) and SN 2005gl (Gal-Yam & Leonard 2009 ), 
lthough SN 1961V may have been a PPI SN (Woosley & Smith 2022 ). 
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f SN 2009ip from late-time HST images. Section 3 presents the
ight curve and late-time spectral energy distribution (SED), and in 
ection 4 we discuss implications for the nature of the e xplosiv e
vent in 2012 and the demise of its progenitor star. 

 OBSERVATI ONS  

e observed the site of SN 2009ip using HST /WFC3-UVIS in 2021
ecember during Cycle 29 (PI Smith, GO-16649). Our goal was to
easure the continued rate of late-time fading of SN 2009ip. We

imed to duplicate earlier deep multifilter observations taken in 2015 
s part of our program to study the environment around SN 2009ip
PI Smith, GO-13787) using four filters: F275W, F555W, F657N 

H α), and F814W. For further details about those 2015 observations
nd an analysis of the environment around SN 2009ip, see Smith,
ndrews & Mauerhan ( 2016b ). We also observed SN 2009ip in the
606W filter, because it was used for the WFPC2 images taken in
999 that detected the quiescent progenitor star disco v ered by Smith
t al. ( 2010 ). The ne w HST imaging observ ations obtained in 2021
ecember are summarized in Table 1 . From the HST archive, we also
btained and analysed unpublished ACS/WFC F606W and F814W 

mages obtained in 2016 (PI Fraser, GO-14150) and WFC3/UVIS 

555W and F814W images obtained in 2019 (PI Filippenko, GO- 
5166). Fig. 1 shows the new F606W image compared to the 1999
mage of the progenitor in that same filter from Smith et al. ( 2010 ).
MNRAS 515, 71–81 (2022) 

art/stac1669_f1.eps


74 N. Smith et al. 

M

Table 2. Progenitor and Late-time HST photometry of SN 2009ip, including photometry from archi v al images and new images presented here. 
Values listed are Vega magnitudes. 

Date Phase F275W 1 σ F555W 1 σ F606W 1 σ F657N 1 σ F814W 1 σ

1999 Jun 29 −13 yr ... ... ... ... 22.09 0.01 ... ... ... ... 
2015 May 23/25 1023 d 21.82 0.02 22.49 0.01 ... ... 18.87 0.01 22.26 0.01 
2016 Sep 14 1495 d ... ... ... ... 21.95 0.01 ... ... 22.36 0.01 
2019 Jul 31 2551 d ... ... 23.34 0.02 ... ... ... ... 22.97 0.02 
2021 Dec 14 3417 d 21.92 0.02 23.73 0.02 23.26 0.02 21.08 0.01 23.47 0.04 
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he other images look similar to the 2015 images taken in the same
275W , F555W , F657N, and F814W filters, for which representative

mages were already shown in fig. 1 of Smith et al. ( 2016b ). 
Table 2 lists the resulting Vega-based magnitudes for the point

ource at the position of SN 2009ip measured in these HST images.
he photometry was done for these data using DOLPHOT 4 (Dolphin
000 , 2016 ) on the FLC frames ( ∗.flc files are standard STSCI pre-
rocessed UVIS-calibrated and CTE-corrected frames). We used the
ecommended parameters for DOLPHOT as adopted from Dalcanton
t al. ( 2012 ), including values for the parameters FitSky = 3 and
Aper = 8 for the photometry. Note that we remeasured the apparent
agnitude of the 1999 progenitor using the same methods as for the

ater data so that the analyses of the progenitor and late-time source
re as consistent as possible. The F606W magnitude we find for
he 1999 progenitor (22.09 ± 0.01) is marginally fainter than the
alue (21.8 ± 0.2) reported by Smith et al. ( 2010 ), but this is because
e used slightly different photometry parameters, we used the image

rom the archive with updated calibration, and because here we report
 Vega-based magnitude, whereas the previous measurement was ST
ag. The second column in Table 2 lists the phase of the observations

elative to the presumed time of explosion, which is just before the
tart of the 2012a event (this is 2012 Aug 4, or JD = 2456144, and
s the same as T SN in Smith et al. 2014 ). This is the same as Day 0 in
ig. 2 . 
Fig. 2 shows the late-time light curve of the point source at the

osition of SN 2009ip, including HST photometry from Table 2 .
his is plotted as absolute magnitude, with an extinction correction
pplied (although the extinction correction is very small). Following
mith et al. ( 2010 ), we adopt a distance modulus of m − M =
1.55 mag and a foreground Galactic reddening of E ( B − V ) =
.019 mag for NGC 7259. It seems unlikely that there is a large
mount of additional extinction and reddening local to the host
alaxy, given the object’s very remote location in the outskirts of
GC 7259 (Smith et al. 2016b ). 
Fig. 3 displays the ultraviolet (UV)/optical SED of SN 2009ip in

he F275W , F555W , F657N, and F814W filters at late times in 2015
red) and 2021 (blue; also including F606W), as well as the 1999
rogenitor in the F606W filter only (orange). For comparison, Fig. 3
lso shows the simulated spectra of hypothetical underlying young
tar clusters with ages of 3, 5, 10, and 20 Myr made with Starburst99
odels (Leitherer et al. 1999 ). These simulated cluster spectra have

een reddened slightly by E ( B − V ) = 0.019 mag and scaled to the
bserved F275W flux (i.e. the observed fluxes in Fig. 3 were not
orrected for extinction, but the model spectra were reddened). The
ED is discussed in the next section. Fig. 3 is very similar to fig. 2
rom Smith et al. ( 2016b ), which showed similar Starburst99 models
ompared to the 2015 photometry. The 2015 fluxes here are slightly
ifferent because we have measured the photometry in images with
NRAS 515, 71–81 (2022) 
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pdated calibration, and using the same photometry parameters as
or the new images obtained in 2021. 

 RESULTS  

.1 Light cur v e 

ig. 2 shows the light curve of SN 2009ip, including late-time
ST photometry from Table 2 in all five filters observed at the recent

poch in December 2021: F275W, F555W, F606W, F657N, and
814W. The most notable result is that in the F606W filter, the late-

ime source at the position of SN 2009ip is now obviously fainter than
he quiescent progenitor detected in F606W HST /WFPC2 images in
999. The progenitor’s absolute magnitude in 1999 is indicated by
he horizontal blue bar, and at the latest 2021 epoch, SN 2009ip is now

ore than 1.2 mag fainter. This is strong evidence that the luminous
BV-like progenitor did not survive the 2012 SN-like e vent. Se veral
spects of the late-time behaviour in multiple filters are discussed
elow. 
Steady and smooth decline: Since falling from the peak of the

012b event, SN 2009ip has only continued to fade and is now the
aintest it has ever been in the optical. Immediately after the 2012
vent (around day 200), it was declining somewhat slower than the
ate of 56 Co decay for a 56 Ni mass of 0.04 M � (shown by the dashed
rey line in Fig. 2 ). During that time, its light curve and spectral
roperties were consistent with those of late-time SNe IIn, and it
ad an underlying broad-line spectrum similar to that of SN 1987A
Graham et al. 2014 ; Smith et al. 2014 ). Up to about day 1000 it
ontinued to fade smoothly at a slower rate around 0.003 mag d −1 ,
nd spectroscopically it continued to resemble late-time interaction
n SNe IIn (Fox et al. 2015 ; Smith et al. 2016b ; Graham et al.
017 ). Our new HST photometry shows that from about day 1000 to
ay 3000, SN 2009ip has continued to fade smoothly and steadily
n the optical, at an even slower rate. While the HST cadence is
bviously sparse at these late times, the filters with more than two
bservations (F555W and F814W) show no significant deviation
rom a steady decline; there is no evidence of any rebrightening or
rregularity in the fading rate. From 2015 to 2021, the decline rates in
he various optical filters are 0.00051 ± 0.00001 mag d −1 in F555W,
.00068 ± 0.00002 mag d −1 in F606W, 0.00092 ± 0.00001 mag d −1 

n F657N, and 0.00050 ± 0.00001 mag d −1 in F814W. (The UV is
n exception, as discussed below.) While this decline is much slower
han radioactive decay, such slow decline rates are not at all unusual
or SNe IIn with late-time CSM interaction. SNe IIn span a wide
iversity of late-time decay rates, ranging from some SNe IIn that
ave essentially flat light curves for many years, like SN 2005ip
Smith et al. 2009 , 2017 ; Stritzinger et al. 2012 ; Fox et al. 2020 ),
own to those that have only weak CSM interaction and faster decline
ates that are difficult to distinguish from radioactive decay or light
choes. Some SNe IIn even rebrighten at late times, like SN 2006jd
Stritzinger et al. 2012 ). In any case, it seems as if SN 2009ip is
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Figure 2. The late-time light curve of SN 2009ip, including ground-based photometry during the main SN-like peak of the 2012 event and shortly afterward, 
and HST photometry after day 1000; this is similar to fig. 1 of Smith et al. ( 2014 ), but extended in time to the present epoch. The ground-based photometry 
is shown with the V band in black (solid points and dashed black line) and the R band in red (only a solid red line at early times, for clarity). The V and R 

magnitudes during the main peak and afterward are from Margutti et al. ( 2014 ) and Smith et al. ( 2014 ) (see Smith et al. 2014 for additional details). The V and 
R magnitudes for days 200–1000 are from Fraser et al. ( 2015 ) and Smith et al. ( 2014 ). The late-time HST photometry is shown for the F275W (blue, dashed), 
F555W (black, dotted), F606W (red, dashed), F657N (black, dot–dashed), and F814W (red-brown, solid) filters; these are from our Table 2 . F275W is shifted 
by + 2 mag for clarity. The horizontal blue bar shows the F606W magnitude of the quiescent progenitor star from Smith et al. ( 2010 ). 

Figure 3. The late-time SED of SN 2009ip in 2015 and 2021 compared to 
the 1999 progenitor and cluster models. The F606W flux for the quiescent 
progenitor (Smith et al. 2010 ) is shown with an orange square, whereas the 
late-time HST photometry from 2015 and 2021 (see Table 1 ) is shown with 
red diamonds and blue circles, respectively. The F657N flux is dominated by 
H α emission. Simulated Starburst99 (S99) spectra for star clusters of 3, 5, 
10, and 20 Myr are displayed for comparison (see text), after being reddened 
with E ( B − V ) = 0.019 mag, appropriate for the line-of-sight Milky Way 
extinction. 
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e velling of f and approaching a constant V absolute magnitude of
7.5 or so. In all three broad continuum filters, the object is now

ainter than the progenitor, and the light curve has not exhibited any
dditional eruptive variability since the 2012b event. 
d  
Constant optical colour: A very important property of the late- 
ime fading is that all visual-wavelength filters seem to fade in-step,
howing similar decline rates. The F555W and F814W decline rates 
re identical within the uncertainties, indicating an unchanging V − I 
olour as SN 2009ip fades. The narrow F657N filter, which samples
trong H α emission, shows a somewhat faster decline rate than the
555W and F814W continuum filters. Note that the F606W filter 
andpass includes H α emission as well, but is diluted within the
road filter; this probably explains why the F606W decline rate is
aster than F555W and F814W, but not as fast as the narrow F657N
lter. As we discuss later, the late-time ‘continuum’ luminosity may 
ctually be a combination of two sources: fading luminosity from 

he SN itself, plus a constant underlying continuum (perhaps from 

 host star cluster). This would be consistent with the faster decline
ates in filters that include H α emission, since the H α emission
s dominated by CSM interaction in the fading SN, whereas the
ontinuum may arise from both sources. In any case, the constant V

I colour is physically meaningful, because it shows that SN 2009ip
s not getting redder as it fades below its progenitor’s brightness. The
onstant visual-wavelength continuum colour therefore indicates that 
he fading source cannot be dimming because of increasing extinction 
rom dust. This, in turn, definitively rules out a scenario where the
uminous progenitor has survived, but appears fainter now because it 
s obscured by dust that formed in the event (as is the case for classic
BVs like η Car). Whatever star was dominating the luminosity in 
999 is now gone, not hidden. 
UV versus optical: While the visual-wavelength filters all fade 

ogether in-step, albeit with a somewhat faster decline rate in filters
hat include H α, it is interesting that the source at the position of
N 2009ip barely fades at all in the UV. The decline rate in the
275W filter from 2015 to 2021 is only 0.00005 ± 0.00001 mag d −1 

i.e. 10 times slower than F555W). This means that whatever source
ominates the UV flux is nearly constant, and cannot be the same
MNRAS 515, 71–81 (2022) 
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Figure 4. Same as the light curve in Fig. 2 , but zoomed-in on late times 
with HST photometry. A hypothetical decay rate is plotted for each filter. For 
F657N (pink line), there are only two points, so this is a straight exponential 
decay with F ∝ e - t /1087 ( t in days). The blue (F555W), orange (F814W), and 
gre y (F606W) curv es use the same e xponential decay rate as F657N, but the y 
have a constant flux added to represent the unchanging light of a host cluster. 
See text. 
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s the source of the fading optical continuum and H α luminosity.
f the optical continuum were getting significantly bluer while the
V brightness stayed the same, then perhaps we could imagine a

onspiracy wherein the temperature was increasing at just the right
ate to keep the F275W magnitude unchanged while the optical
ource faded. Ho we ver, the constant V − I colour rules this out. The
onstant V − I colour, combined with the relatively constant UV flux,
herefore eliminates a hypothesis where a luminous star survived, but
s fainter because it became hotter (for instance, if the 2012 event
ere the last puff of mass-loss that propelled the surviving star into
 hot post-LBV phase as a Wolf–Rayet star). Instead, there must be
wo luminosity sources contributing to the lingering late-time flux,
nd so we next investigate the shape of the SED. 

.2 SED: UV versus optical 

 striking result from the latest photometry is that all the optical
lters are continuing to fade at a similar rate, whereas the UV flux in

he F275W filter has barely changed at all since 2015. This suggests
hat ther e ar e at least two differ ent sour ces that contribute to the
bserved light : a non-variable source in the UV, and a fading optical
ource. A straightforward conjecture would be that some light is
mitted by the SN itself, which fades as late-time CSM interaction
eclines (especially since the optical continuum and H α seem to fade
ogether), while some light is contributed by an unchanging host star
luster in which the SN progenitor was born. 

It was already suggested that an underlying star cluster probably
ontributes to the late-time UV luminosity (Smith et al. 2016b ), but
onstraints in the 2015 data were not very strict. The fact that the
ptical flux has continued to fade while the UV has not now allows
uch tighter constraints on an underlying stellar population: the

ata indicate that the stellar population is quite blue and therefore
oung. This is in qualitative agreement with previous claims that the
rogenitor was a v ery massiv e star (Smith et al. 2010 ), despite its
emote location in the host galaxy (Smith et al. 2016b ). 

If we assume that the F275W flux observed in 2021 is dominated
y the UV continuum of a young star cluster, then the F555W and
814W fluxes help to quantitatively constrain the age of that cluster.
ig. 3 shows the observed HST fluxes in 2015 and 2021 compared

o simulated spectra from the integrated light of young star clusters.
hese correspond to clusters with ages of 3, 5, 10, and 20 Myr from

he Starburst99 population-synthesis code (Leitherer et al. 1999 ), and
hey are scaled to be just below the most recent F275W flux in 2021
ecember. Since the F555W and F814W points are currently below

he spectrum of a 10 Myr cluster (i.e. just under the purple line in
ig. 3 ), it looks like any underlying star cluster must be younger than
0 Myr, implying an initial mass for the progenitor of SN 2009ip
igher than 20 M �. Of course, this is an upper limit to the age and
 lower limit to the initial mass. This is because some SN light still
ontributes to the broad-band flux in F555W and F814W as well,
ncluding various emission lines (such as a pseudo-continuum of
any Fe lines in F555W and the Ca II near-IR triplet and other lines

n F814W; see fig. 3 of Smith et al. 2016b ). If there is any contribution
f SN light to those broad filters, then the cluster light would need to
e even fainter and bluer, pushing the underlying cluster to younger
ges like 5 Myr or less, thus implying an initial mass of ∼ 50 M �
r more for the progenitor. Also, we have only applied a reddening
ppropriate for the foreground line of sight through the Milky Way;
f there is any additional extinction and reddening local to the host
alaxy of SN 2009ip, then the cluster would need to be intrinsically
ven bluer and younger. 
NRAS 515, 71–81 (2022) 
As time proceeds, we expect the CSM interaction luminosity of
N 2009ip to continue to fade, but if a cluster contributes to the

ight, then the optical source at the object’s position should level
ff as the UV already seems to have done. Fig. 4 explores this
ypothesis. This is the same as the light-curve plot in Fig. 2 , except
oomed-in on only the late times where we have HST photometry. It
isplays four hypothetical fading curves for the four filters. The pink
ine for F657N is an exponentially fading flux, with F ∝ e −t /1087 

nd t in days, matching the decay rate of 0.00092 mag d −1 in
his filter. If we assume this to represent the true rate of fading
f the CSM interaction luminosity, then we can predict how much
luster light needs to be added to the broad filters to match their
ecay rates. The other three curves (blue for F555W, orange for
814W, and grey for F606W) adopt the same F ∝ e −t /1087 rate of
ading for the SN 2009ip contribution to each filter, but here we
dd a constant flux level representing the unchanging contribution
rom an underlying star cluster, and then convert to magnitudes. All
hree curv es conv erge to this constant luminosity eventually (after
nother decade or so), which corresponds to absolute magnitudes of
pproximately −7.5 in F555W and F606W, and −7.65 in F814W.
he fact that we can roughly match the observed decay rate of both

he F555W and F606W filters using the same SN decay rate plus the
ame unchanging cluster continuum flux confirms our conjecture that
he F606W filter traces the same continuum as F555W, but with H α

mission adding to the flux. These curves slightly underestimate the
rightness of the intermediate points for F555W and F814W around
ays 1500 and 2550, but this is not too worrisome, since it is based
n assuming a perfectly smooth decline connecting two observed
657N points. Without data in between, we do not kno w ho w F657N
ctually behaved. There is no reason to expect a perfect exponential
ecline, since CSM interaction in decade-old SNe IIn can be irregular
wing to density variations in the CSM (Smith et al. 2017 ; Fox et al.
020 ). Obviously, the CSM interaction decay rate may change with
ime, in which case the final magnitudes in broad filters may differ
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omewhat from our simple estimate, but this demonstrates that a 
onstant contribution from a cluster is plausible. 

Thus, judging by the light curve, SN 2009ip may level off at an
bsolute V magnitude of around M V ≈ −7.5 (or perhaps fainter if the
luster is younger than 5 Myr). This would be much fainter than a
uper star cluster like R136 in 30 Dor (integrated M V ≈ −9 mag), but
imilar to the young massive cluster Tr 14 in the Carina Nebula ( M V 

−7.7 mag). The host cluster is likely older than Tr14 ( ∼2 Myr),
o we ver, since there is no longer a bright extended H II region around
N 2009ip (Smith et al. 2016b ). This makes an age of 4–5 Myr seem

ikely for the progenitor. If so, the integrated light will asymptotically 
pproach the level of the underlying star cluster, eventually providing 
efinitive constraints on the age of the host stellar population among 
hich the progenitor was born. When it le vels of f, the inclusion of

R photometry and spectra may help to assess the properties of any
ed supergiants in the cluster, which may give important insight on 
he age and mass turnoff in the cluster (Beasor et al. 2019 ), as long as
N 2000ip did not form much dust. UV spectra may reveal the earliest
-type stars that contribute to the cluster light. We note that this may
rovide an interesting test of the progenitor’s evolution. For instance, 
f the underlying cluster has an age that points to an initial mass for
N 2009ip of ∼35–40 M � (or if it contains red supergiants with

nitial masses below ∼30 M �), but the quiescent progenitor seemed 
o be a 50–80 M � star (Smith et al. 2010 ), then this might imply that
he progenitor was made into a rejuvenated blue straggler by binary 
nteraction, such as a merger or mass gainer. This is suggested based
n its isolated environment (Smith et al. 2016b ), and it would be
onsistent with implications from the environments of nearby LBVs 
Smith & Tombleson 2015 ; Aghakhanloo et al. 2017 ). 

If or when the source does stop fading, it would be naive to
nterpret this levelling off as a surviving star. It is already much
ainter than the progenitor and blue – and massive stars do not, 
fter all, form in complete isolation. Some massi ve e volved stars
ike LBVs may appear to be farther from O-type stars than expected
or simplistic single-star scenarios (Smith & Tombleson 2015 ), but 
hey are still found with relatively nearby OB associations within 
ens to hundreds of pc. SN 2009ip has nothing else within a few
pc (Smith et al. 2016b ). In order for its progenitor to be truly
solated, one would need to assume that it was an extreme velocity
unaway star to get it out to its current location. But even with past
inary evolution, this is a tall order given the apparent high mass
nd short lifetime of the progenitor. Invoking a host star cluster is far
ore straightforward than invoking a bizarrely massive star that must 

ave been a hypervelocity runaway to become so freakishly isolated. 
ould the constant source be a surviving companion of SN 2009ip in
 binary system? Some companion candidates to other SNe have been 
evealed in late-time data (Fox et al. 2014 , 2022 ; Ryder et al. 2018 ;

aund 2019 ; Sun et al. 2022 ). If the companion is a main-sequence
B star, it would be too faint to contribute significantly; it would
eed to be a blue or yellow supergiant to produce the expected light
evel alone. Having a companion that is also evolved is rare enough
because they would need to have nearly identical initial mass in 
rder to have the same main-sequence lifetime), but that evolved 
upergiant would also need to be much fainter than its companion of
he same mass. This seems very unlikely. 

Finally, we note that if a young star cluster contributes to the late-
ime luminosity, then this same cluster must also have contributed to 
he luminosity at the time the progenitor was detected in 1999. This
ould, ho we ver, be a small correction. A ∼5 Myr cluster shown in
ig. 3 , for example, would contribute < 10 per cent of the flux in the
606W filter in 1999, implying a marginally lower luminosity for the 
rogenitor of log( L /L �) = 5.85 instead of 5.9. This would lower the
nferred initial mass somewhat, from about 50–80 M � (Smith et al.
010 ) to about 45–70 M �, depending on the bolometric correction. 

.3 SED: H α

t late times in both 2015 and 2021, the observed SED of SN 2009ip
xhibits a very strong H α emission excess in the F657N filter, as
ompared to the broad F555W and F814W filters (we note that the
road F606W filter includes this H α emission, causing it to somewhat 
 v erestimate the underlying continuum level). Smith et al. ( 2016b )
lready compared the 2015 SED to a contemporaneous spectrum of 
N 2009ip, which did indeed reveal very strong, shock-broadened 
 α emission. Smith et al. ( 2016b ) also showed that the relative fluxes

n F657N and the broad-band optical filters were consistent with 
xpectations for SNe with strong late-time CSM interaction, where 
 forest of fainter emission lines produces a pseudo-continuum. 

The observed flux density in 2021 December through the narrow 

657N filter is 6.9 × 10 −18 erg s −1 cm 

−2 Å−1 . One can infer
 red continuum level by interpolating between the F555W and 
814W fluxes (in fact, the 10 Myr cluster shown in Fig. 3 gives
 suitable guide for the red continuum shape), giving an expected 
015 continuum level near H α of ∼7.5 × 10 −19 erg s −1 cm 

−2 Å−1 ,
ielding an excess that we may attribute to H α line emission of
6.2 × 10 −18 erg s −1 cm 

−2 Å−1 . The F657N filter has a width
f 121 Å (see the WFC3 Instrument Handbook 5 ), indicating a 
ontinuum-subtracted H α line flux of 7.5 × 10 −16 erg s −1 cm 

−2 ,
n H α luminosity of 8800 L � ( D/ 20 . 4 Mpc ) 2 , or an H α emission
qui v alent width (EW) of ∼1000 Å. This EW is at the high end of
alues seen in the precursor eruptions of SN 2009ip, it is similar to
hose during its post-2012 decline when CSM interaction was very 
trong, and it is typical of core-collapse SNe interacting with dense
SM at late times, as noted already by Smith et al. ( 2014 ). Fig. 5

hows the late-time H α luminosity of SN 2009ip derived from our
657N photometry (with an assumed continuum level subtracted 
s described abo v e), as compared to H α luminosities for a few
ell-studied SNe with observable CSM interaction in the decade 

fter explosion (Smith et al. 2017 ). Although less luminous than
N 1988Z (one of the strongest interacting SNe IIn), SN 2009ip is
lmost identical to the H α declines of SN 1998S and SN 1993J. This
omparison makes it very plausible that the late-time H α luminosity 
f SN 2009ip arises from CSM interaction. On the other hand, the
1000 Å EW of SN 2009ip’s H α line is much stronger than typical
 α EWs of quiescent LBVs (usually 100–200 Å). It exceeds the
BV with the strongest known H α EW, which is η Car with an H α

W that is variable o v er the range 400–600 Å (Smith et al. 2003 ;
tahl et al. 2005 ). 
For interpreting the H α EW, a key difference between 2015 and

021 is that if there is an underlying star cluster that dominates the UV
ux in the F275W filter (as discussed abo v e), then a larger fraction
f the optical continuum must come from that cluster in 2021 (as
ompared to 2015). This, in turn, indicates that the ‘continuum’ flux
ontributed by the SN itself has faded even more than indicated by
he light-curve decline rate, and therefore that 1000 Å is a significant
nderestimate of the true H α EW in 2021. (The EW for the SN
mission could easily be 2000 Å if the host cluster contributes half
he continuum light, which it must for an age of 5 Myr). This makes
t highly unlikely that the broad H α seen at late times comes from
he wind of a surviving LBV star, with a much more likely cause of
he H α emission being late-time CSM interaction. The H α EW in
MNRAS 515, 71–81 (2022) 
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M

Figure 5. The late-time decay in H α luminosity of SN 2009ip (heavy black 
squares and solid line) derived from F657N photometry, compared to H α

luminosities from spectra for a few well-studied SNe with late-time CSM 

interaction. This is adapted from fig. 6 of Smith et al. ( 2017 ), including 
H α luminosities for SN 1980K (filled red circles), SN 1988Z (open orange 
circles), SN 1993J (green triangles), and SN 1998S (blue stars); see that 
paper for details. The uncertainty for SN 2009ip is dominated by the adopted 
continuum flux, and the resulting error bar is smaller than the plotting symbol. 
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015 was about 2430 Å. It had risen steeply from only ∼100 Å at the
uminosity peak in 2012 to an EW of more than 4000 Å a year later in
013 (Smith et al. 2014 ). Thus, the H α EW weakened substantially
rom 2013 to 2015, and is now fading at a slower rate or levelling
ff. 

 DISCUSSION  A N D  C O N C L U S I O N S  

e have presented and analysed HST /WFC3 images of the source
t the position of SN 2009ip taken almost a decade after the 2012a
xplosion, including photometry in UV and optical filters. Here, we
ist the main conclusions. 

(1) At almost a decade after explosion, the source at the position of
N 2009ip has now definitively faded below its quiescent progenitor
een 13 yr before explosion. In particular, it is about 1.2 mag fainter
n the same F606W filter as the progenitor detection, and is even
ainter in F555W and F814W. It is 6–7 mag fainter than its pre-SN
ruptions. 

(2) For the past 7 yr, the source has steadily and continuously
aded, showing no bumps in the light curve that might signify
ecurring eruptions. Although the cadence has been admittedly
parse, all available data in multiple filters are consistent with nearly
he same constant rate of decline. 

(3) All optical filters exhibit a similar steady decline, although
lters including H α have a somewhat faster decline rate. Particularly
oteworthy is that the F555W and F814W filters have the same
ecline rate of 0.0005 mag d −1 and have therefore maintained the
ame V − I colour for the past 7 yr. 

(4) The constant V − I colour as SN 2009ip fades is highly
onstraining. It means that the source is not getting any redder as it
ades, ruling out a hypothesis that a surviving star has become fainter
han the progenitor because of dust formation or shifting to much
NRAS 515, 71–81 (2022) 
ooler temperatures. It also means that the source has not become
luer, eliminating the hypothesis that a surviving star has become
ainter at visual wavelengths because it has become progressively
otter (as it would if a post-LBV were becoming a Wolf–Rayet star,
or example). 

(5) The H α emission line has remained very strong, with a lower
imit to the H α emission EW of > 1000 Å. This is ≥10 times stronger
han the H α EW during the 2012b peak (Smith et al. 2014 ), making it
nlikely that a light echo dominates the late-time source, indicating
nstead that late-time CSM interaction dominates. If the observed
ontinuum is a mix of SN light plus continuum from an underlying
tellar population (see next points), then the true H α EW is even
arger. Such strong H α emission is not seen in LBV stars with
uminous electron-scattering photospheres, but it is common in the
ate-time spectra of interacting core-collapse SNe. The continuum-
ubtracted H α luminosity and decline rate of SN 2009ip in the
ecade after explosion are almost identical to those of SN 1998S
nd SN 1993J. 

(6) Although the visual-wavelength continuum shows no change
n colour and all filters fade steadily at similar rates, the UV light
ampled by the F275W filter exhibits barely any change at all, fading
y only 0.11 mag in 7 yr. Since the V − I colour has not changed,
his indicates that at least two distinct sources must contribute to the
ight now seen at the object’s position: one is a constant source in the
V, and one is the fading SN. 
(7) The evolution of the late-time SED can be easily explained

y the light of a fading SN IIn combined with constant light from
n underlying young star cluster. Comparison of the current SED to
tarburst99 models of the integrated spectrum constrains this cluster

o be significantly younger than 10 Myr. Ho we ver, SN 2009ip is still
ading. As it continues to fade at visual wavelengths, this cluster will
e constrained to progressively younger ages. Judging by the current
ate of fading, we expect that the source at the position of SN 2009ip
ay eventually settle down to an absolute V magnitude of around
7.5, or perhaps even fainter if the cluster is younger than 5 Myr.
uch a young cluster would be consistent with the v ery massiv e
rogenitor star, and might be similar in mass to young Galactic
lusters like Tr14 in the Carina Nebula (although somewhat older).
ultiwavelength photometry or spectroscopy in a few years when it

e vels of f should be able to place tight constraints on the age of the
tellar population in which the progenitor was born. IR photometry to
onstrain any possible contribution from red supergiants may place
he tightest limits on the age. 

In summary, any source at the SN position has now become less
uminous than the progenitor detected 13 yr before explosion. Its
isual-w avelength f ading does not result because it is obscured by
ust or has evolved to hotter temperatures. The H α emission implies
hat ongoing CSM interaction still contributes to the luminosity,
hile the SED suggests that the late-time light is actually a com-
ination of two sources: (1) the fading CSM interaction from the
ying transient, and (2) a constant blue source that dominates the
nchanging UV emission, which is likely due to the integrated light
f the young stellar population in which the SN 2009ip progenitor
as born. 
Tak en at f ace value, this confirms expectations of a scenario

nvolving a terminal core-collapse SN for SN 2009ip wherein the
rogenitor star is now dead. A hypothetical surviving star in a non-
erminal scenario was expected to return to the progenitor’s state,
nd this is now clearly ruled out. While the observations are fully
onsistent with the 2012 event of SN 2009ip being a terminal core-
ollapse SN, we must admit two caveats. (1) Expectations that a
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urviving source would ‘return to normal’ after such an energetic 
vent were perhaps overly simplistic and were not based on any 
hysical model of non-terminal e vents. Ne vertheless, if one still
ishes to invent non-terminal models for SN 2009ip that agree 
ith the observations, one must now invoke additional ‘epicycles’ to 
 xplain the post-e xplosion f aintness. (2) While the f ading presents
ompelling evidence that the 2012 explosion was a terminal event, a 
eutrino-driv en e xplosion resulting from the collapse of an Fe core
n a single massive star is not necessarily a unique explanation for
he e vent (e ven if it is a straightforward one). The complex light
urve of SN 2009ip, combined with the masking effects of CSM
nteraction, may moti v ate other interesting physical origins for a 
erminal SN-like event. We consider some alternative interpretations 
elow. 

.1 Pulsational pair instability 

oncerning non-terminal explosions, an obvious candidate mech- 
nism is a PPI eruption (Woosley 2017 ). The PPI mechanism is
requently invoked by observers as a panacea for multipeaked SN 

ight curves, for pre-SN eruptions and massive CSM shells, and for
he hopes of a star lingering after an explosion. It has been invoked
y several authors as a possibility for SN 2009ip (Fraser et al. 2013a ;
astorello et al. 2013 ; Margutti et al. 2014 ). Ho we ver, while the
PI can produce diverse outcomes, it is perhaps not as malleable 
s some have suggested, and there are a few observed properties of
N 2009ip that contradict expectations for a PPI event (see Woosley 
017 and Renzo et al. 2020 for detailed discussions of PPI eruption
odels o v er a range of initial masses). For example, PPI models
ith 10 50 erg eruptions generally predict a series of ejected shells
ith similar bulk expansion speeds of ∼2000 km s −1 – very different 

rom the case of SN 2009ip, which had a series of weak and slow
500 km s −1 ) shell ejections followed by a single major pulse of 
3 000 km s −1 . In fact, Renzo et al. ( 2020 ) find that o v er a wide
ange of masses in PPI models, the bulk ejection speeds of subsequent
ulses are typically slower than the first pulse, opposite to the case of 
N 2009ip. 
Also, in PPI models, the first pulse almost al w ays ejects any

emaining H envelope. This is inconsistent with SN 2009ip, which 
ad repeating mass-loss eruptions before 2012, but then had a 
ajor event in 2012 that exhibited strong and broad H α P Cygni

rofiles from the H-rich ejecta of that event. Clearly, the star still
etained a considerable H envelope at the time of the 2012a/2012b 
 xplosion. Moreo v er, an y surviving star after a PPI event would
ave no H left in its atmosphere, ruling out the idea that the late-
ime H α in SN 2009ip might be from a surviving LBV’s wind 
mission. 

Depending on the star’s initial mass and other parameters, the 
nsuing PPI eruption is not even accurately framed as a non-terminal 
vent in many cases, since a collapse to a black hole often occurs
uring the main light-curve peak or very soon thereafter (Woosley 
017 ). Models with a star that survives for decades or more are
elatively rare and restricted to the highest initial masses. The initial 
ass of 50–80 M � inferred for the progenitor of SN 2009ip (Smith

t al. 2010 ) o v erlaps only partly with the bottom of the initial mass
ange of 70–140 M � that is expected to e xperience the PPI (Woosle y
017 ). Ho we ver, models with time-delays between pulses of a few
eeks or more (needed for the multipeaked structure of SN 2009ip’s 
012a/b event) require initial masses above 95 M � (Woosley & 

eger 2021 ). Finally, a PPI eruption also provides no explanation for
isc-like asymmetry in the CSM. 
.2 Stellar merger 

he strong asymmetry in the CSM of SN 2009ip indicated by
olarization studies (Mauerhan et al. 2014 ; Reilly et al. 2017 )
rovides compelling evidence that binary interaction probably played 
n important role in the pre-SN mass-loss. The progenitor’s very 
igh luminosity (Smith et al. 2010 ), combined with its extremely
emote environment (Smith et al. 2016b ), might also suggest that the
rogenitor has evolved through binary interaction channels, making 
t a blue straggler. The brief pre-SN luminosity spikes of SN 2009ip
ave already been compared to the periastron collisions seen before 
Car’s 19th century eruption (Smith 2011 ; Smith & Frew 2011 ;

mith et al. 2011a ; Soker & Kashi 2013 ; Smith & Arnett 2014 ),
nd binary mergers and common-env elope ev ents are known to eject
assive asymmetric CSM shells (Morris & Podsiadlowski 2006 ; 
ejcha, Metzger & Tomida 2016 ; Hillel, Schreier & Soker 2017 ;
etzger & Pejcha 2017 ; Pejcha et al. 2017 ). Mergers have been

nvoked to explain several non-SN transients (Soker & Tylenda 2006 ;
ylenda & Soker 2006 ; Tylenda et al. 2011 ; Nandez, Iv anov a &
ombardi 2014 ; Pejcha 2014 ; Smith et al. 2016a ; Blagorodnova et al.
020 , 2021 ), although these are all much fainter than SN 2009ip and
ave much slower expansion speeds. Even a violent merger in an
 xtremely massiv e star like η Car (Smith et al. 2018a , b ) w as f ar
ainter (only M V = −14 mag) and less energetic ( ∼10 50 erg) than
he 2012 event of SN 2009ip. Also, all of these merger-induced
ransients become faint, red, and dust obscured as they decline from
eak, unlike SN 2009ip. A merger of two massive stars seems unable
o explain SN 2009ip. Instead, a larger reservoir of e xplosiv e energy
eems to be required, somehow synchronized with this pre-explosion 
inary interaction. 

.3 Pre-SN binary interaction 

ere, we highlight two plausible scenarios in which violent binary 
nteraction events might produce eruptive asymmetric mass-loss that 
recedes a much more energetic SN-like event. In one case, a binary
ystem that was previously not interacting may be triggered to begin
eriastron collisions in an eccentric binary, or may enter a common-
nvelope phase; Smith & Arnett ( 2014 ) proposed that this binary
nteraction may be synchronized with core collapse when the primary 
xpands owing to increased instability in late-nuclear burning phases. 
he primary star may then die in a core-collapse SN and interact with

he surrounding dense asymmetric CSM, producing a significantly 
olarized SN IIn. This scenario is consistent with all available 
ata. 
In another scenario, a massive star may begin interacting with 

 compact object companion, triggering an energetic SN explosion 
hen the two enter a common envelope and merge (Fryer & Woosley
998 ; Che v alier 2012 ). Schrøder et al. ( 2020 ) have presented models
or mergers between a massive star and a neutron star or black
ole, arguing that they can indeed produce terminal high-energy 
xplosions powered by CSM interaction that resemble SNe IIn. 
n that study, mergers with a black hole seem to be fa v oured for
roducing more-luminous events like SN 2009ip. In either scenario, 
he resulting display may not conform to traditional expectations for 
ormal core-collapse SNe from lower mass stars. Both these unusual 
erger events and regular SNe result from the deposition of a large

mount of energy inside a massive star’s env elope, and the y may
e difficult to distinguish observationally when CSM interaction is 
nvolved, as the debate over SN 2009ip illustrates. 

If not true ‘supernovae,’ what shall we call these SNe IIn that
ay result from terminal e xplosiv e mergers, and what are their
MNRAS 515, 71–81 (2022) 
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istinguishing observables? This is perhaps a question of branding
ather than understanding the underlying physics, and there may
e no shortage of new names to propose in this field of inquiry.
egardless of what name we ultimately give to it, the 2012 event
f SN 2009ip appears to have been a ∼10 51 erg terminal explosion
hat obliterated its massive previously erupting progenitor, which we
uggest exploded while in the midst of violent binary interaction. 

C K N OW L E D G E M E N T S  

upport was provided by the National Aeronautics and Space Admin-
stration (NASA) through HST grants GO-13787, AR-14295, GO-
5166, and GO-16649 from the Space Telescope Science Institute,
hich is operated by AURA, Inc., under NASA contract NAS5-
6555. NS thanks S. Woosley for interesting discussions. AVF is
rateful for support from the U.C. Berkeley Miller Institute for Basic
esearch in Science (where he was a Miller Senior Fellow) and the
hristopher R. Redlich Fund. 

ATA  AVAILABILITY  

he data underlying this article will be shared on reasonable request
o the corresponding author. HST data will be non-proprietary and
vailable from the public archive. 

E FERENCES  

ghakhanloo M. et al., 2017, MNRAS , 472, 591 
nderson J. P., 2019, A&A , 628, A7 
ndrews J. E., Smith N., McCully C., Fox O. D., Valenti S., Howell D. A.,

2017, MNRAS , 471, 4047 
rnett D., 1996, Superno vae and Nucleosynthesis: An Inv estigation of the

History of Matter from the Big Bang to the Present. Princeton University
Press, Princeton, New Jersey, USA 

easor E. R., Davies B., Smith N., Bastian N., 2019, MNRAS , 486, 266 
ilinski C., Smith N., Li W., Williams G. G., Zheng W., Filippenko A. V.,

2015, MNRAS , 450, 246 
lagorodnova N. et al., 2020, MNRAS , 496, 5503 
lagorodnova N. et al., 2021, A&A , 653, A134 
oian I., Groh J. H., 2018, A&A , 617, A115 
he v alier R. A., 2012, ApJ , 752, L2 
hugai N. N., Danziger I. J., 1994, MNRAS , 268, 173 
alcanton J. J. et al., 2012, ApJS , 200, 18 
avies B., Crowther P. A., Beasor E. R., 2018, MNRAS , 478, 3138 
olphin A. E., 2000, PASP , 112, 1383 
olphin A., 2016, Astrophysics Source Code Library, record ascl:1608.013 
lias-Rosa N. et al., 2016, MNRAS , 463, 3894 
alk S. W., Arnett W. D., 1977, ApJS , 33, 515 
ox O. D., Filippenko A. V., Skrutskie M. F., Silverman J. M., Ganeshalingam

M., Cenko S. B., Clubb K. I., 2013, AJ , 146, 2 
ox O. D. et al., 2014, ApJ , 790, 17 
ox O. D. et al., 2015, MNRAS , 447, 772 
ox O. D. et al., 2020, MNRAS , 498, 517 
ox O. D. et al., 2022, ApJ , 929, L15 
ransson C. et al., 2002, ApJ , 572, 350 
raser M. et al., 2013a, MNRAS , 433, 1312 
raser M. et al., 2013b, Astron. Telegram, 4953, 1 
raser M. et al., 2015, MNRAS , 453, 3886 
ryer C. L., Woosley S. E., 1998, ApJ , 502, L9 
al-Yam A., Leonard D. C., 2009, Nature , 458, 865 
raham M. L. et al., 2014, ApJ , 787, 163 
raham M. L. et al., 2017, MNRAS , 469, 1559 
illel S., Schreier R., Soker N., 2017, MNRAS , 471, 3456 
ashi A., Soker N., Moskovitz N., 2013, MNRAS , 436, 2484 
ilpatrick C. D. et al., 2018, MNRAS , 473, 4805 
NRAS 515, 71–81 (2022) 
ochanek C. S., Szczygiel D. M., Stanek K. Z., 2011, ApJ , 737, 76 
oss M. et al., 2014, MNRAS , 445, 515 
eitherer C. et al., 1999, ApJS , 123, 3 
cDonald S. L. E., Davies B., Beasor E. R., 2022, MNRAS , 510,

3132 
argutti R. et al., 2014, ApJ , 780, 21 
auerhan J. C. et al., 2013, MNRAS , 430, 1801 
auerhan J. et al., 2014, MNRAS , 442, 1166 
aund J. R., 2019, ApJ , 883, 86 
etzger B. D., Pejcha O., 2017, MNRAS , 471, 3200 
ilone L. A., Milone A. A. E., 1988, Ap&SS , 150, 299 
oriya T. J., 2015, ApJ , 803, L26 
orris T., Podsiadlowski P., 2006, MNRAS , 365, 2 
andez J. L. A., Iv anov a N., Lombardi J. C. J., 2014, ApJ , 786, 39 
fek E. O. et al., 2013, Nature , 494, 65 
astorello A. et al., 2013, ApJ , 767, 1 
ejcha O., 2014, ApJ , 788, 22 
ejcha O., Prieto J. L., 2015, ApJ , 806, 225 
ejcha O., Metzger B. D., Tomida K., 2016, MNRAS , 461, 2527 
ejcha O., Metzger B. D., Tyles J. G., Tomida K., 2017, ApJ , 850, 59 
rieto J. L., Brimacombe J., Drake A. J., Howerton S., 2013, ApJ , 763,

L27 
eilly E., Maund J. R., Baade D., Wheeler J. C., H ̈oflich P., Spyromilio J.,

Patat F., Wang L., 2017, MNRAS , 470, 1491 
enzo M., Farmer R., Justham S., G ̈otberg Y., de Mink S. E., Zapartas E.,

Marchant P., Smith N., 2020, A&A , 640, A56 
yder S. D. et al., 2018, ApJ , 856, 83 
chrøder S. L., MacLeod M., Loeb A., Vigna-G ́omez A., Mandel I., 2020,

ApJ , 892, 13 
martt S. J., 2015, Publ. Astron. Soc. Aust. , 32, e016 
mith N., 2008, Nature , 455, 201 
mith N., 2011, MNRAS , 415, 2020 
mith N., 2014, ARA&A , 52, 487 
mith N., 2017, in Alsabti A. W., Murdin P., eds, Handbook of Supernovae.

Springer, Heidelberg, p. 403 
mith N., Arnett W. D., 2014, ApJ , 785, 82 
mith N., Frew D. J., 2011, MNRAS , 415, 2009 
mith N., Mauerhan J., 2012, Astron. Telegram, 4412, 1 
mith N., McCray R., 2007, ApJ , 671, L17 
mith N., Tombleson R., 2015, MNRAS , 447, 598 
mith N., Davidson K., Gull T. R., Ishibashi K., Hillier D. J., 2003, ApJ , 586,

432 
mith N. et al., 2009, ApJ , 695, 1334 
mith N. et al., 2010, AJ , 139, 1451 
mith N., Li W., Filippenko A. V., Chornock R., 2011a, MNRAS , 412, 1522
mith N., Li W., Silverman J. M., Ganeshalingam M., Filippenko A. V.,

2011b, MNRAS , 415, 773 
mith N., Mauerhan J. C., Kasliwal M. M., Burgasser A. J., 2013, MNRAS ,

434, 2721 
mith N., Mauerhan J. C., Prieto J. L., 2014, MNRAS , 438, 1191 
mith N. et al., 2016a, MNRAS , 458, 950 
mith N., Andrews J. E., Mauerhan J. C., 2016b, MNRAS , 463, 2904 
mith N. et al., 2017, MNRAS , 466, 3021 
mith N. et al., 2018a, MNRAS , 480, 1457 
mith N. et al., 2018b, MNRAS , 480, 1466 
oker N., Kashi A., 2013, ApJ , 764, L6 
oker N., Tylenda R., 2006, MNRAS , 373, 733 
tahl O., Weis K., Bomans D. J., Davidson K., Gull T. R., Humphreys R. M.,

2005, A&A , 435, 303 
tritzinger M. et al., 2012, ApJ , 756, 173 
un N.-C., Maund J. R., Crowther P. A., Hirai R., Kashapov A., Liu J.-F., Liu

L.-D., Zapartas E., 2022, MNRAS , 510, 3701 
h ̈one C. C., de Ugarte Postigo A., Leloudas G., 2017, in Eldridge J. J., Bray

J. C., McClelland L. A. S., Xiao L., eds, Proc. IAU Symp. 329, The Lives
and Death-Throes of Massive Stars. Cambridge Univ. Press, Cambridge,
p. 44 

sebrenko D., Soker N., 2013, ApJ , 777, L35 
ylenda R., Soker N., 2006, A&A , 451, 223 

http://dx.doi.org/10.1093/mnras/stx2050
http://dx.doi.org/10.1051/0004-6361/201935027
http://dx.doi.org/10.1093/mnras/stx1844
http://dx.doi.org/10.1093/mnras/stz732
http://dx.doi.org/10.1093/mnras/stv566
http://dx.doi.org/10.1093/mnras/staa1872
http://dx.doi.org/10.1051/0004-6361/202140525
http://dx.doi.org/10.1051/0004-6361/201731794
http://dx.doi.org/10.1088/2041-8205/752/1/L2
http://dx.doi.org/10.1093/mnras/268.1.173
http://dx.doi.org/10.1088/0067-0049/200/2/18
http://dx.doi.org/10.1093/mnras/sty1302
http://dx.doi.org/10.1086/316630
http://dx.doi.org/10.1093/mnras/stw2253
http://dx.doi.org/10.1086/190440
http://dx.doi.org/10.1088/0004-6256/146/1/2
http://dx.doi.org/10.1088/0004-637X/790/1/17
http://dx.doi.org/10.1093/mnras/stu2435
http://dx.doi.org/10.1093/mnras/staa2324
http://dx.doi.org/10.3847/2041-8213/ac5890
http://dx.doi.org/10.1086/340295
http://dx.doi.org/10.1093/mnras/stt813
http://dx.doi.org/10.1093/mnras/stv1919
http://dx.doi.org/10.1086/311493
http://dx.doi.org/10.1038/nature07934
http://dx.doi.org/10.1088/0004-637X/787/2/163
http://dx.doi.org/10.1093/mnras/stx948
http://dx.doi.org/10.1093/mnras/stx1822
http://dx.doi.org/10.1093/mnras/stt1742
http://dx.doi.org/10.1093/mnras/stx2675
http://dx.doi.org/10.1088/0004-637X/737/2/76
http://dx.doi.org/10.1093/mnras/stu1673
http://dx.doi.org/10.1086/313233
http://dx.doi.org/10.1093/mnras/stab3453
http://dx.doi.org/10.1088/0004-637X/780/1/21
http://dx.doi.org/10.1093/mnras/stt009
http://dx.doi.org/10.1093/mnras/stu730
http://dx.doi.org/10.3847/1538-4357/ab2386
http://dx.doi.org/10.1093/mnras/stx1768
http://dx.doi.org/10.1007/BF00641724
http://dx.doi.org/10.1088/2041-8205/803/2/L26
http://dx.doi.org/10.1111/j.1365-2966.2005.09645.x
http://dx.doi.org/10.1088/0004-637X/786/1/39
http://dx.doi.org/10.1038/nature11877
http://dx.doi.org/10.1088/0004-637X/767/1/1
http://dx.doi.org/10.1088/0004-637X/788/1/22
http://dx.doi.org/10.1088/0004-637X/806/2/225
http://dx.doi.org/10.1093/mnras/stw1481
http://dx.doi.org/10.3847/1538-4357/aa95b9
http://dx.doi.org/10.1088/2041-8205/763/2/L27
http://dx.doi.org/10.1093/mnras/stx1228
http://dx.doi.org/10.1051/0004-6361/202037710
http://dx.doi.org/10.3847/1538-4357/aaaf1e
http://dx.doi.org/10.3847/1538-4357/ab7014
http://dx.doi.org/10.1017/pasa.2015.17
http://dx.doi.org/10.1038/nature07269
http://dx.doi.org/10.1111/j.1365-2966.2011.18607.x
http://dx.doi.org/10.1146/annurev-astro-081913-040025
http://dx.doi.org/10.1088/0004-637X/785/2/82
http://dx.doi.org/10.1111/j.1365-2966.2011.18993.x
http://dx.doi.org/10.1086/524681
http://dx.doi.org/10.1093/mnras/stu2430
http://dx.doi.org/10.1086/367641
http://dx.doi.org/10.1088/0004-637X/695/2/1334
http://dx.doi.org/10.1088/0004-6256/139/4/1451
http://dx.doi.org/10.1111/j.1365-2966.2011.17229.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18763.x
http://dx.doi.org/10.1093/mnras/stt944
http://dx.doi.org/10.1093/mnras/stt2269
http://dx.doi.org/10.1093/mnras/stw219
http://dx.doi.org/10.1093/mnras/stw2190
http://dx.doi.org/10.1093/mnras/stw3204
http://dx.doi.org/10.1093/mnras/sty1479
http://dx.doi.org/10.1093/mnras/sty1500
http://dx.doi.org/10.1088/2041-8205/764/1/L6
http://dx.doi.org/10.1111/j.1365-2966.2006.11056.x
http://dx.doi.org/10.1051/0004-6361:20042547
http://dx.doi.org/10.1088/0004-637X/756/2/173
http://dx.doi.org/10.1093/mnras/stab3768
http://dx.doi.org/10.1088/2041-8205/777/2/L35
http://dx.doi.org/10.1051/0004-6361:20054201


SN 2009ip’s pro g enitor is gone 81 

T
V
V  

W

W
W

T

ylenda R. et al., 2011, A&A , 528, A114 
an Dyk S. D., 2007, Highlights Astron. , 14, 205 
an Dyk S. D., Matheson T., 2012, in Davidson K., Humphreys R. M., eds,

Astrophysics and Space Science Library, Vol. 384, Eta Carinae and the 
Supernova Impostors. Springer-Verlag, Berlin, p. 249 

oosley S. E., 2017, ApJ , 836, 244 
oosley S. E., Heger A., 2021, ApJ , 912, L31 
oosley S. E., Smith N., 2022, preprint ( arXiv:2205.06386 ) 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 515, 71–81 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/71/6612746 by C
alifornia Institute of Technology user on 04 August 2022

http://dx.doi.org/10.1051/0004-6361/201016221
http://dx.doi.org/10.1017/S1743921307010174
http://dx.doi.org/10.3847/1538-4357/836/2/244
http://dx.doi.org/10.3847/2041-8213/abf2c4
http://arxiv.org/abs/2205.06386

	1 INTRODUCTION
	2 OBSERVATIONS
	3 RESULTS
	4 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

