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ABSTRACT
We present Hubble Space Telescope imaging confirming the optical disappearance
of the failed supernova candidate identified by Gerke et al. (2015). This ∼25 M�
red supergiant experienced a weak ∼106 L� optical outburst in 2009 and is now at
least 5 magnitudes fainter than the progenitor in the optical. The mid-IR flux has
slowly decreased to the lowest levels since the first measurements in 2004. There is
faint (2000-3000 L�) near-IR emission likely associated with the source. We find the
late-time evolution of the source to be inconsistent with obscuration from an ejected,
dusty shell. Models of the spectral energy distribution indicate that the remaining
bolometric luminosity is >6 times fainter than that of the progenitor and is decreasing
as ∼t−4/3. We conclude that the transient is unlikely to be a SN impostor or stellar
merger. The event is consistent with the ejection of the envelope of a red supergiant in
a failed supernova and the late-time emission could be powered by fallback accretion
onto a newly-formed black hole. Future IR and X-ray observations are needed to
confirm this interpretation of the fate for the star.

1 INTRODUCTION

Supernova (SN) surveys for the deaths of massive stars
search for a sudden brightening of a source. However, it
is expected that some fraction of massive stars experience
a failed SN, forming a black hole without a luminous SN.
While this idea is most widely accepted for very high mass
stars at lower metallicity (Heger et al. 2003), evidence has
recently emerged suggesting that failed SN may also occur
in red supergiants (RSGs) with solar metallicity.

First, there is the lack of higher-mass SN progenitors,
which suggests that higher mass stars may end their lives as
failed SNe (Kochanek et al. 2008). Smartt et al. (2009) and
Smartt (2015) more clearly demonstrated that the progeni-
tors of Type IIP SNe have an upper mass limit of ∼< 18 M�

— well below the expected mass range for RSG at death.
The dearth of higher-mass SN progenitors is supported by
analyses of stellar populations near SN remnants (Jennings
et al. 2014) and the absence of any Type IIP SNe with
the nucleosynthetic signatures of higher-mass (> 20 M�)
progenitors (Jerkstrand et al. 2014). Interestingly, the mass
range for failed SNe suggested by the missing progenitors
corresponds to stars with progenitor structures that make
them more difficult to explode (O’Connor & Ott 2011;

Ugliano et al. 2012; Pejcha & Thompson 2015; Ertl et al.
2016; Sukhbold et al. 2016).

Second, having a significant fraction of core-collapses re-
sulting in failed SNe naturally explains the compact remnant
mass function (Kochanek 2014b, 2015). Third, there is evi-
dence that the massive star formation rate may exceed the
SN rate (Horiuchi et al. 2011, but see Botticella et al. 2012
and Xiao & Eldridge 2015). Finally, the recent detection of
gravity waves from a pair of merging black holes with masses
of 36+5

−4 M� and 29+4
−4 M� (Abbott et al. 2016b) likely re-

quires the existence of failed SNe (Abbott et al. 2016a; Bel-
czynski et al. 2016; Woosley 2016).

The formation of a black hole has never been observed
and little is known about the range of possible observa-
tional signatures. Some stars likely collapse to form black
holes without significant transients (Woosley & Heger 2012).
However, a failed SN in a RSG likely leads to a visible tran-
sient. Nadezhin (1980) suggested, and Lovegrove & Woosley
(2013) confirmed with hydrodynamic simulations, that the
nearly instantaneous loss of gravitational mass through neu-
trino emission when a core collapses will lead to a hydro-
dynamic shock capable of unbinding the loosely bound hy-
drogen envelope of a RSG. The resulting optical signature
is a shock breakout with L ∼ 107 L� that lasts for 3-10
days (Piro 2013) followed by a cool (∼ 3000 K), ∼1 year-
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long, ∼106 L� transient powered by the recombination of
the unbound envelope (Lovegrove & Woosley 2013). Once
sufficiently cool, the slowly expanding ejecta is an ideal envi-
ronment for dust formation, but this would only occur after
the transient has already begun to fade (Kochanek 2014a).
Regardless of the nature of any intervening transient the end
result is the disappearance of the progenitor.

Kochanek et al. (2008) proposed a novel survey to mon-
itor the evolved stars in nearby galaxies to search for failed
SNe as disappearing stars. Gerke et al. (2015) presented
the results of the first four years of such a survey under-
taken with the Large Binocular Telescope (LBT) and found
one good failed SN candidate. This source, in NGC 6946 at
RA 20:35:27.56 and Dec +60:08:08.29, which we will here-
after refer to as N6946-BH1, experienced an outburst in
2009 March, first brightening to ∼>106 L� but then fading

to ∼105 L� below its pre-outburst luminosity. Gerke et al.
(2015) found that a coincident source experienced a simi-
lar, but slower outburst in the mid-IR. Gerke et al. (2015)
also identified the progenitor in earlier archival Hubble Space
Telescope (HST ) images with 23.09 ± 0.01 in F606W and
20.77± 0.01 in F814W . Reynolds et al. (2015) performed a
similar search for failed SNe using archival HST data and
also identified a candidate.

A new kind of search is vulnerable to new kinds of false
positives. The initial candidate selection was based on a de-
cline in multiple optical bands, but a surviving star could be
hidden by dust. There are several classes of sources known
to have transient, heavily-obscured phases. Some variable
stars, such as R Cor Bor stars, may become optically faint for
hundreds of days due to dust forming in their atmospheres
(O’Keefe 1939). Stellar mergers can cause the envelope of
the primary star to be ejected at low velocities — ideal con-
ditions for dust formation — and result in a merger remnant
that is luminous in the IR but optically obscured (Crause
et al. 2003; Pejcha et al. 2016a,b). Luminous blue variables
may experience eruptive mass loss that obscures a surviving
star following a weak transient — a SN “impostor” — as
η Carinae did in the mid-1800s (e.g., Humphreys & David-
son 1994; Smith et al. 2011). There are also SN “impostors”
that arise from self-obscured super-AGB stars — SN 2008S-
like transients — that quickly become re-enshrouded in dust
(Prieto et al. 2008; Kochanek 2011; Thompson et al. 2009),
though some SN “impostors,” from both super-AGB stars
and more massive stars, may be lower-luminosity SNe (see
Adams & Kochanek 2015; Adams et al. 2016). Thus, multi-
wavelength follow-up is needed to vet failed SN candidates
and determine whether the star survived.

In this work we present follow-up observations and anal-
ysis of N6946-BH1. New HST imaging confirms that the
identified progenitor has disappeared in the optical but a
fainter, coincident source is detected in the near-IR (see Fig.
1). We present the data in §2 and describe our spectral en-
ergy distribution (SED) modeling in §3. In §4 we present
detailed analysis of the progenitor, the outburst, and the
post-outburst observational constraints. While we find the
failed SN interpretation for this event to be the most com-
pelling, we consider alternative explanations in §5 before
closing with our summary and conclusions in §6. Following
Gerke et al. (2015), we adopt a distance of 5.96 Mpc to
NGC 6946 (Karachentsev et al. 2000) and a Galactic fore-

Table 1. Late-time Variability Constraints

Filter Variability Date Range Number

[L� yr−1] of Epochs

U −140 ± 450 2011-06-04 – 2015-12-07 20

B − 80 ± 160 2011-06-04 – 2015-05-20 24
V − 10 ± 110 2011-06-04 – 2015-10-13 24

R − 30 ± 80 2011-09-19 – 2015-12-07 22

ground extinction of E(B–V ) = 0.303 based on the Schlafly
& Finkbeiner (2011) recalibration of Schlegel et al. (1998).

2 DATA

N6946-BH1 was discovered as part of our survey for failed
SNe with the LBT (Kochanek et al. 2008; Gerke et al. 2015).
The survey is still ongoing, and in this paper we utilize 38
UBVR epochs from the survey spanning from 3 May 2008
to 8 December 2016 (Adams et al. in prep). We calibrated
the LBT U-band photometry using Botticella et al. (2009),
the B-band using SINGS ancillary data (Kennicutt et al.
2003), and the V and R bands from Welch et al. (2007). We
performed image subtraction using isis (Alard & Lupton
1998; Alard 2000). The R and V magnitude “zeropoints”
are based on PSF photometry while B and U come from
aperture photometry. All photometry is presented in Table
6. We also use image subtraction to place constraints on
the late-time variability of N6946-BH1. These constraints
include an estimate of the systematic uncertainties based
on the RMS photometry of light curves extracted from a
grid of points within 10′′ of the progenitor location after 3σ
clipping for each epoch. Since the brief optical spike in 2009
the optical fluxes have been consistent with no variability at
the level of ∼200 L� yr−1, or roughly 10−3 of the progenitor
flux (see Table 1 and Fig. 2).

Since the progenitor was only present in the LBT survey
data for three epochs spanning less than 7 months prior to
the start of its outburst, we also searched for archival data
beyond the HST images identified in Gerke et al. (2015).
We found the progenitor in two archival CFHT MegaPipe
images (Gwyn 2008). The transformed (to Johnson using
the prescription in Gwyn 2008) MegaCAM apparent aper-
ture magnitudes were R = 21.3 ± 0.3, V = 21.7 ± 0.1,
B = 22.8 ± 0.1, and U = 23.5 ± 0.2 on 2 July 2005 and
R = 21.5 ± 0.3 and V = 21.7 ± 0.2 on 23 October 2003.
We supplement our coverage of the transient with public
archival data from the Palomar Transient Factory (PTF;
Law et al. 2009; Ofek et al. 2012; Laher et al. 2014) DR2.
We adopt the adaptive aperture “MAGAUTO” fluxes from
the PTF catalogs. The transient is detected in the first avail-
able epoch on 17 March 2009 at R = 19.0 ± 0.1 and is last
detected at R = 19.6± 0.1 on 26 May 2009. We also use un-
filtered images taken by amateur astronomer Ron Arbour
between 5 October 2015 and 23 January 2016 to help con-
strain the peak magnitude and the start date of the optical
transient. In these images, no source is detected at the po-
sition of N6946-BH1 to limiting magnitudes of 17.5 to 18.8.

We utilize both new and archival HST data. For our
program, we obtained new Wide Field Camera 3 (WFC3)
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UVIS F606W and F814W and IR F110W and F160W
images on 2015 October 8. We also use the archival HST
WFPC2 F606W and F814W images taken 2007 July 8 (PI:
M. Meixner, GO-11229) that were considered in Gerke et al.
(2015). We aligned the new and archival HST images using
the TWEAKREG and TWEAKBACK tasks in the driz-
zlepac package with RMS errors in the astrometry of 0.′′04
for the UVIS images and 0.′′07 for the IR images. We cal-
culated PSF magnitudes for the new HST data using the
software package dolphot 2.0 (Dolphin 2000)1 with the
same parameter settings as in Adams & Kochanek (2015).
We used the drizzled HST WFPC2 F814W pre-outburst
image from 2007 as the reference in order to obtain PSF
photometry at the progenitor location. The progenitor has
clearly disappeared in the optical (see Fig. 1). The clos-
est dolphot source is 0.′′045 from the progenitor position,
which is roughly consistent given the astrometric uncertain-
ties. We also calculated a local WCS alignment between the
new and archival HST images using the IRAF task GE-
OMAP with RMS errors in the astrometry of 0.′′012 for
the UVIS images and 0.′′019 for the IR images. Using the
new HST F814W (F110W ) as the reference for the local
WCS alignment yielded similar photometry for the closest
dolphot source but now only 0.′′022 (0.′′017) from the pro-
genitor location.

We estimate the likelihood that the HST source de-
tected after the outburst is an incidental detection of an
unrelated source based on the surface density of similarly
bright sources. The surface density of all dolphot sources
within 4′′ of N6946-BH1 is 5.1/arcsec2, which corresponds
to a 15 percent chance of an unrelated source being de-
tected within 0.′′045 (the distance of the closest late-time
HST source from the progenitor location). For sources as
bright as the detection (in F814W), this drops to a surface
density of 1.4/arcsec2 and a 0.9% likelihood.

We also use both new and archival Spitzer data. For our
program, we obtained new 3.6 and 4.5 µm images taken on
2016 January 21. We supplemented the IR light curve with
avaliable archival images (program IDs: 159, 3248, 10136,
11063, 20320, 20256, 30292, 30494, 40010, 40619, 70040,
80015, 80196, 90124, 10081, 11084, 12000; PIs: J. Andrews,
M. Kasliwal, R. Kennicutt, C. Kochanek, R. Kotak, W.P.
Meikle, M. Meixner, B. Sugerman). We performed aper-
ture photometry on the Spitzer images using a 2.′′4 aper-
ture with a 2.′′4–4.′′8 radius sky annulus and the standard
aperture corrections from the IRAC instrument handbook.
Since the SST was not designed to have the resolution for
extragalactic stellar photometry, it is challenging to accu-
rately measure the absolute photometry of N6946-BH1. We
use isis to obtain an accurate measurement of the differen-
tial light curve, again estimating systematic uncertainties for
each subtracted image from the RMS photometry on a grid
of points within 15′′ of N6946-BH1 after 3σ clipping. The
light curve shows that the IR flux is rising from the first SST
observations in 2004. Given the low surface density of vari-
able sources, we attribute the change in IR flux coincident
with N6946-BH1 to the source. The IR flux is significantly
above its minimum value at all epochs that we model ex-
cept for the first (2005-07-02) and last (2016-01-21). Thus it

1 http://americano.dolphinsim.com/dolphot/

Figure 1. HST images of the region surrounding N6946-BH1.

The top row shows the WFPC2 F606W (left) and F814 (right)

progenitor images. The middle row shows the corresponding 2015
WFC3 images and the bottom row shows WFC3/IR F110W (left)

and F160W (right) images. The circles have a radius of 1′′. The
progenitor has dramatically faded in the optical but there is still

faint near-IR emission.

reasonable to treat the IR flux measurements as detections
at every epoch except for those two. We estimate the odds
that the remaining IR flux in 2016-01-21 could be the result
of confusion. Using a grid of apertures within a 15′′ radius
of N6946-BH1 we find that 7.7% and 1.8% of the apertures
are brighter than our 3.6µm and 4.5µm measurements, re-
spectively.

In the latest epoch, it is plausible that only the near-
IR photometry are detections of N6946-BH1. In addition to
the IR flux being at or similar to their lowest measurements,
dolphot reports the ‘sharpness’ parameter for the F814W
emission in 2015 to be −0.48, which suggests that the emis-
sion in this filter is not resolved, and the S/N of the F606W
emission is only 2.4. Thus, we will consider both cases where
all photometry in the latest epoch are detections and when
all photometry except the near-IR measurements are taken
as only upper limits.

3 SED MODELING

We model the SED to constrain the physical properties (i.e.,
luminosity, temperature, mass, and recent mass loss) of the
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Figure 2. N6946-BH1 light curves from HST (large circles), SST (squares), LBT (stars), CFHT (x’s), PTF (red pentagons and upper

limits), and amateur astronomer Ron Arbour (green upper limits). The vertical axis switches from a linear scale below 104 L� to a
logarithmic scale above 104 L�. A luminosity of zero is given by the dashed black line for comparison. The uncertainties for the differential

LBT and SST photometry do not include the significant uncertainty in their “zeropoints” created by crowding. The LBT fluxes at late
times could easily be zero. For this purpose, the high resolution HST constraints that any remaining optical flux is < 103 L� are more

relevant.

progenitor, its outburst, and the late-time source. We will
use the results of these models to discuss whether the pro-
genitor survived the outburst and whether a failed super-
nova or some other phenomenon (e.g., stellar merger or erup-
tive mass loss) best explains the data.

Following the methods in Adams & Kochanek (2015)
and Adams et al. (2016), we model the SED of the progen-
itor, its outburst, and the late-time source using the dust
radiative transfer code dusty (Ivezic & Elitzur 1997; Ivezic
et al. 1999; Elitzur & Ivezić 2001). We use stellar models
from Castelli & Kurucz (2004) for stars with solar metal-
licity and effective temperatures between 3500 and 50000 K
and revert to blackbody models when attempting to fit tem-
peratures below 3500 K. We employ a Markov Chain Monte
Carlo (MCMC) wrapper around dusty to find best-fit mod-
els and allowed parameter ranges. We adopt minimum pho-
tometric uncertainties of 10% (to account for uncertainty in
distance and metallicity and any systematic problems in the
models). We use silicate dust from Draine & Lee (1984) with
a standard MRN grain size distribution (dn/da ∝ a−3.5 with
0.005 µm < a < 0.25 µm; Mathis et al. 1977).

The IR variability of the progenitor as well as the post-
outburst IR emission could be indicative of dust formation.
We consider two modes of mass loss: the ejection of a dusty
shell and a steady-state wind. We assume that all dust for-
mation occurs in the outflowing material once it cools to
the dust formation temperature, Tf ' 1500 K. In the shell
model, as the shell continues to expand beyond the dust for-
mation radius, Rf , the optical depth, τ , decreases, asymp-
toting at late times to τ ∝ t−2, where t is the elapsed time
since the ejection of the shell. For a thin shell, the mass of

the ejecta, Mej, corresponding to a given optical depth is
given by

Mej =
4πv2

ejt
2τV,tot(t)

κV
, (1)

where vej is the velocity of the ejected shell and κV is the
opacity of the dust at V band. As noted in Table 2, we allow
the ratio between the inner and outer edges of the dust shell,
Rout/Rin, to vary for some models, and for others we adopt
Rout/Rin = 2.

For the post-outburst shell models we also include con-
straints on the late-time variability of the source. As dis-
cussed in Adams & Kochanek (2015), the luminosity of
a surviving source of constant intrinsic luminosity is con-
strained by the variability, dLf,obs/dt, and optical depth of
the source in that filter, f , according to

L∗,f '
1

2

t

τf,eff

(
dLf,obs

dt

)
eτf,eff . (2)

We also consider a set of models where we compare
the evolution of the IR flux to the expansion (and cooling)
of the dust shell. For these models we compute the χ2 of
a given MCMC step for the latest photometric constraints.
We infer a shell expansion velocity, vej, based on the elapsed
time, t, and inner shell edge, Rin, of the model. We then
extrapolate the model back to an earlier post-outburst epoch
with SST observations using this vej to find the appropriate
Rin for the earlier epoch, generating a new dusty model
with the optical depth, τ , expected from a τ ∝ t−2 scaling,
and include the χ2 for this extrapolated model in the MCMC
step.

For the wind scenario, the inner edge of the dust is set
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Figure 3. Color (absolute) magnitude diagram of stars within
1.′′8 (50 pc projected) of N6946-BH1, corrected for Galactic ex-

tinction and assuming no additional extinction in the local envi-

ronment of NGC 6946, are shown in gray. The progenitor is shown
by the large black circle (with the uncertainties smaller than the

size of the symbol). For comparison, evolutionary tracks for solar

metallicity stars of various initial masses are shown as solid lines
(Bressan et al. 2012; Chen et al. 2015).

by the formation radius Rf and we allow the thickness of
the dust ‘shell’ to vary. Since the optical depth of a wind
(or shell) is dominated by the inner edge, the results are
usually insensitive to the thickness Rout/Rin. The mass-loss
rate needed to produce a given optical depth is

Ṁ =
4πvwRfτV,tot

κV
(3)

where vw is the velocity of the wind.

4 RESULTS

We will, in turn, consider the implications of the SED con-
straints for the progenitor, the optical outburst, and the
post-outburst fate of the star. The models are all summa-
rized in Table 2.

4.1 Progenitor

As shown in Fig. 2, observations over the 6 years prior to
the optical outburst reveal a very luminous (105.3 L�) star
that remained at a constant brightness between 2003 and
2005, but then faded in the optical between 2005 and 2008
as it brightened at 3.6 µm. We fit the SED for three pro-
genitor epochs: summer 2005 with archival CFHT data (2
July 2005) and the nearest corresponding archival SST ob-
servations (20 July 2005), summer 2007 with archival HST
(8 July 2007) and the nearest corresponding archival SST
observation (3 July 7 2007), and summer 2008 with the dif-
ference between the LBT pre-outburst images (3-4 May 2008
and 5 July 2008) and post-outburst images (∼25 epochs be-
tween (4 June 2011 and 7 December 2015) together with
archival SST observations from that summer (7 July 2008).
The constraints from these fits are given in Table 2.

In Fig. 3 we show a color magnitude diagram of the

0.1 1 10
10

100

1000

Figure 4. The SED of the progenitor of N6946-BH1 in 2007

(red) and of a possible surviving star in 2016 obscured by a dusty
wind (black). The solid red line gives the best-fitting model for

the progenitor (log L∗/L� = 5.29, T∗ = 4480 K, τV,tot = 3.3,

Td = 1800 K, and χ2 = 0.8) and the dashed red line gives the
corresponding unobscured spectrum. The red squares give the

HST and SST constraints in 2007. The open black pentagons

give the latest HST and SST constraints on a surviving star
when treating our F110W and F160W photometry as detections

and the other bands as upper limits. The best-fitting model for a

surviving star with the luminosity of the progenitor (log L∗/L� =
5.3) obscured by a dusty wind (Tf = 1500 K) and shown by the

solid black line has T∗ = 14500, τV,tot = 37.3, Rout/Rin = 72 and

a χ2 of 264. Clearly, this ‘best-fit’ model is in gross disagreement
with the latest photometric constraints. A surviving star cannot

be hidden by a dusty wind because the hot dust that dominates
the obscuration reradiates the stellar emission in the near to mid-

IR. In order to hide the luminosity of the progenitor, the bulk

of the emission must be radiated by cooler dust at wavelengths
redward of 4.5 µm.

bright stellar sources within a projected radius of 50 pc from
N6946-BH1, corrected for Galactic extinction, along with
evolutionary tracks for the parsec (v. 1.2S) stellar models
(Bressan et al. 2012; Chen et al. 2015) of solar metallicity
stars of various initial masses. The location of the theoretical
main-sequence relative to the location of the nearby stars
in the color-magnitude diagram constrains the extinction
in the local environment of N6946-BH1 to be E(B–V ) ∼<
0.2 mag. This is consistent with the constraints from the
MCMC SED modeling of the progenitor which give E(B–
V ) ∼< 0.15. Accordingly we adopt E(B–V ) = 0 for the local

environment in all other models (unless noted otherwise).
Good fits to the progenitor data are only obtained when

allowing for the presence of circumstellar dust. We show the
best-fit progenitor model for summer 2007 in Fig. 4. The
low stellar temperatures and hot dust temperatures in the
three progenitor epochs are consistent with a RSG emit-
ting a dusty wind. The three epochs of progenitor fits hint
that the progenitor may have had a decreasing effective tem-
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Figure 5. Progenitor mass probability distribution function
based on MCMC fits to the pre-outburst HST and SST pho-

tometry and the parsec stellar models when allowing E(B − V )

and Rout/Rin to vary.

perature and a slightly increasing mass loss rate, but given
the uncertainties it is difficult to make a definitive state-
ment. Between the 2007 and 2008 epochs, the IR luminosity
increased more than the optical luminosity decreased, sug-
gesting that the bolometric luminosity may have started to
rise months before the observed optical transient.

Matching the progenitor luminosity and effective tem-
perature from the MCMC realizations with those from the
parsec stellar models we obtain a progenitor mass proba-
bility distribution that peaks at ∼ 25 M� (see Fig. 5). This
mass lies directly within the regime expected by the miss-
ing RSG problem (Kochanek et al. 2008; Smartt et al. 2009;
Smartt 2015) and corresponds to a progenitor with a high
“compactness” parameter that is considered most likely to
result in a failed supernova (O’Connor & Ott 2011; Ugliano
et al. 2012; Horiuchi et al. 2014; Sukhbold & Woosley 2014;
Pejcha & Thompson 2015; Sukhbold et al. 2016).

4.2 Outburst

The outburst is not well-sampled in time, but we can set
useful constraints on the duration and minimum peak lumi-
nosity of the event. The source appeared quiescent in LBT
observations on 5 July 2008, but had brightened by a fac-
tor of several in observations taken on 25 November 2008.
The peak observed (apparent) magnitudes occurred in the
following LBT epoch on 25 March 2009 with R = 19.0,
V = 20.0, and B = 22.1, corresponding to luminosities
(νLν) of 7.8× 105 L�, 4.9× 105 L�, and 1.4× 105 L� in R,
V , and B respectively (unfortunately there was no U -band
data for this epoch). At the next LBT epoch on 6 June 2009,
the transient had faded to R = 21.0, V = 22.6, B = 24.4,
and U = 24.7, and by the subsequent LBT epoch on 20 Oct
2009 the source had already dropped below the progenitor
flux in all optical bands (see Fig. 2).

PTF observations show that the source was present and
likely already declining in flux from the earliest available
images taken 17 March 2009. The transient is undetected in
images from R. Arbour (private communication) with lim-

iting magnitudes of ∼ 18.7 taken in early January. Thus,
the optical transient likely began between late November
2008 and mid-March 2009 and became optically faint be-
tween early June 2009 and late October 2009, constraining
the duration of the optical transient to be between 3 and 11
months. Unfortunately, there are no SST observations dur-
ing the optical outburst, but it seems clear that the transient
evolved more slowly in the IR than in the optical.

We generated models of the SED for the two LBT
epochs taken during the optical outburst. Without IR con-
straints there is a significant degeneracy, with hotter intrin-
sic temperatures yielding larger bolometric luminosities ob-
scured by larger optical depths. Thus, we also present models
with T∗ ≡ 3500 since, in addition to being the likely tem-
perature of the progenitor, the color temperatures for the
failed SN transients powered by hydrogen recombination in
the models of Lovegrove & Woosley (2013) are relatively
cool. The peak luminosity was at least 106 L� (see the ‘no
dust’ model for 2009-03-25 in Table 2). The bolometric lu-
minosity returned to roughly that of the progenitor by the
first SST epoch after the peak of the optical outburst, which,
unfortunately, was not taken until 27 July 2011.

We can also use the minimum and maximum durations
of the optical transient to set constraints on the velocity of
material ejected during the event if we assume that the op-
tical flux collapses before the IR flux due to the formation of
dust in the newly ejected material. This seems a reasonable
assumption given that all models of the SED after the opti-
cal disappearance of the source (except for shell models for
2012-03-16 and 2011-07-28 that allow very hot stellar tem-
peratures) require much higher optical depths than models
of the progenitor in order to produce good fits. Given the
SED modeling constraints on the source luminosity and tem-
perature on 2011-07-28 and Tf = 1500 K (L∗, T∗, and Td

set Rf), material ejected at the start of the transient must
have 170 < vej < 560 km s−1 in order to reach Rf and form
dust to extinguish the optical flux within the time window
of the observational constraints. A moderately hotter dust
condensation temperature of Tf = 2000 would decrease the
minimum velocity to vej ' 75 km s−1.

These constraints on the peak luminosity, possible du-
ration, and ejected velocities are broadly consistent with
the cool (∼ 3000 K), ∼1 yr, ∼106 L� transient with vej ∼
100 km s−1 predicted by Lovegrove & Woosley (2013) for a
failed supernova in a RSG unbinding the hydrogen envelope.
Of course, with the very limited observations, the outburst
may also be consistent with other types of events, such as a
SN impostor or a stellar merger. Thus, we must rely on the
late-time evolution of the source to decipher its true nature.

4.3 Late-Time

The LBT difference imaging shows that the optical flux col-
lapsed by 20 October 2009 and has remained far below the
flux of the progenitor since then (see Fig. 2). This result
is confirmed by the late-time HST data from 8 October
2015 showing that the progenitor has clearly vanished in the
optical, where the emission decreased by at least 5 magni-
tudes (see Fig. 1, 4, and 6). The mid-IR emission has evolved
much more slowly than the optical, but the source is now
fainter than the progenitor at 3.6µm and nearly as faint at
4.5µm. There is still faint near-IR emission coincident with
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Table 2. SED Models

Date log L/L� T∗ [K] τV,tot Td [K] Rout/Rin log v/km s−1 log Mej/M� E(B–V ) χ2
min

2005-07-02 5.31+0.12
−0.07 6700+1200

−990 1.4+0.4
−0.4 1720+240

−400 2.5+26.3
−1.3 ... −6.8+0.2

−0.1 0.01+0.14
−0.01 1.5

2007-07-08 5.30+0.05
−0.05 4310+750

−380 3.4+0.9
−1.0 1580+360

−520 7.9+71.5
−6.5 ... −6.5+0.3

−0.2 0.00+0.05
−0.00 0.5

2008-07-05 5.35+0.36
−0.07 5580+850

−2060 3.9+1.3
−1.9 1550+390

−1490 2.6+67.0
−1.3 ... −6.2+2.8

−0.2 0.01+0.02
−0.01 0.5

2005-07-02 5.28+0.07
−0.06 6610+1150

−940 1.4+0.2
−0.2 1740+220

−400 2 (fixed) ... −4.6+0.4
−0.2 0 (fixed) 2.1

2007-07-08 5.29+0.04
−0.06 3260+1670

−320 1.5+2.0
−1.4 1300+590

−1240 2 (fixed) ... −4.3+4.9
−1.3 0 (fixed) 0.8

2008-07-05 5.55+0.12
−0.06 3590+160

−80 2.0+0.5
−0.4 940+800

−530 2 (fixed) ... −3.6+1.4
−1.1 0 (fixed) 0.5

2007-07-08 5.31+1.5
−0.01 3010+6310

−120 0 (fixed) ... ... ... ... 0.02+1.74
−0.01 4.7

2005-07-02 5.53+0.01
−0.01 4350+100

−110 0 (fixed) ... ... ... ... 0 (fixed) 33.2

2007-07-08 5.30+0.01
−0.01 2960+90

−90 0 (fixed) ... ... ... ... 0 (fixed) 5.4

2008-07-05 5.45+0.02
−0.02 2900+60

−60 0 (fixed) ... ... ... ... 0 (fixed) 15.7

2009-03-25 6.33+0.13
−0.09 3300+180

−210 0 (fixed) ... ... ... ... 0 (fixed) 0.9

2009-06-22 5.47+0.15
−0.12 3190+230

−220 0 (fixed) ... ... ... ... 0 (fixed) 5.1

2009-03-25 6.51+2.00
−0.26 5080+27670

−1750 3.2+4.3
−2.8 280+1180

−230 2 (fixed) 5.2+2.5
−1.7 0.5+5.3

−3.9 0 (fixed) 0.0

2009-06-22 6.54+1.4
−1.11 12010+30960

−8810 6.5+1.5
−6.2 390+1450

−330 2 (fixed) 4.6+2.5
−1.7 −0.1+5.2

−4.2 0 (fixed) 0.0

2009-03-25 6.79+0.14
−0.13 3500 (fixed) 2.0+0.7

−0.7 240+1230
−190 2 (fixed) 4.9+1.9

−1.4 −0.3+3.7
−2.9 0 (fixed) 2.5

2009-06-22 5.94+0.14
−0.13 3500 (fixed) 2.4+0.6

−0.6 310+1240
−260 2 (fixed) 4.0+2.0

−1.2 −1.5+4.0
−2.5 0 (fixed) 2.4

2011-07-28 5.10+0.53
−0.14 3500 (fixed) 14.1+7.1

−6.1 1000+710
−600 2 (fixed) 2.1+1.0

−0.5 −3.1+2.2
−0.9 0 (fixed) 1.0

2012-03-16 4.99+0.39
−0.20 3500 (fixed) 14.2+6.1

−5.2 780+560
−350 2 (fixed) 2.2+0.7

−0.5 −2.8+1.4
−1.0 0 (fixed) 1.1

2016-01-21 4.24+0.02
−0.02 3500 (fixed) 13.6+0.8

−0.7 1020+80
−70 2 (fixed) 1.2+0.1

−0.1 −4.0+0.2
−0.2 0 (fixed) 335

2011-07-28 5.30 (fixed) 2300+610
−190 12.6+6.3

−7.2 170+440
−120 2 (fixed) 3.6+1.5

−1.0 −0.2+3.0
−2.2 0 (fixed) 1.0

2012-03-16 5.30 (fixed) 15870+29310
−13090 5.6+13.9

−5.5 720+410
−430 2 (fixed) 2.8+0.3

−0.2 −1.9+0.9
−1.7 0 (fixed) 0.5

2016-01-21 5.30 (fixed) 14430+850
−810 14.4+1.0

−1.0 550+20
−20 2 (fixed) 2.8+0.0

−0.0 −0.8+0.1
−0.1 0 (fixed) 27.3

2011-07-28 5.30 (fixed) 3500 (fixed) 9.8+6.8
−4.6 710+420

−110 2 (fixed) 2.5+0.2
−0.4 −2.5+0.5

−1.1 0 (fixed) 4.5

2012-03-16 5.30 (fixed) 3500 (fixed) 15.4+5.5
−5.8 490+60

−40 2 (fixed) 2.7+0.1
−0.1 −1.7+0.3

−0.4 0 (fixed) 1.7

2016-01-21 5.30 (fixed) 3500 (fixed) 24.6+0.7
−0.7 340+30

−40 2 (fixed) 2.7+0.1
−0.1 −0.8+0.2

−0.1 0 (fixed) 1480

2011-07-28 5.30 (fixed) 3500 (fixed) 7.4+2.3
−2.1 1500 (fixed) 21.8+57.7

−19.0 1.8+0.0
−0.0 −6.2+0.1

−0.1 0 (fixed) 10.3

2012-03-16 5.30 (fixed) 3500 (fixed) 3.0+1.2
−1.0 1500 (fixed) 14.8+60.1

−12.5 1.6+0.0
−0.0 −6.6+0.2

−0.2 0 (fixed) 27.8

2016-01-21 5.30 (fixed) 3500 (fixed) 27.4+0.8
−0.8 1500 (fixed) 86.5+12.0

−28.7 1.4+0.0
−0.0 −5.5+0.0

−0.0 0 (fixed) 2390

2011-07-28 5.30 (fixed) 26050+18800
−15790 0.6+2.2

−0.3 1500 (fixed) 16.7+64.4
−14.4 2.5+0.1

−0.2 −6.5+0.4
−0.2 0 (fixed) 1.4

2012-03-16 5.30 (fixed) 33500+12990
−14490 0.2+0.1

−0.1 1500 (fixed) 28.4+61.3
−25.6 2.4+0.0

−0.1 −7.0+0.2
−0.1 0 (fixed) 3.0

2016-01-21 5.30 (fixed) 48580+380
−920 0.0+0.0

−0.0 1500 (fixed) 37.2+30.0
−28.2 2.1+0.0

−0.0 −7.7+0.1
−0.1 0 (fixed) 168.6

with dL/dt constraints

2011-07-28 6.59+1.5
−0.91 6840+14190

−3210 31.8+6.7
−8.0 260+130

−1140 2 (fixed) 4.3+1.4
−1.1 1.6+2.9

−2.2 0 (fixed) 4.7

2012-03-16 4.83+0.22
−0.12 19120+25970

−15220 16.3+7.0
−6.1 1400+490

−580 2 (fixed) 2.2+0.6
−0.5 −2.8+1.1

−0.8 0 (fixed) 4.3

2016-01-21 4.50+0.11
−0.07 8860+1590

−1000 12.6+1.3
−1.3 1100+140

−220 2 (fixed) 1.7+0.2
−0.1 −3.1+0.5

−0.3 0 (fixed) 26.8

2011-07-28 5.30 (fixed) 3500 (fixed) 21.0+3.3
−2.2 580+40

−40 2 (fixed) 2.7+0.1
−0.1 −1.8+0.2

−0.1 0 (fixed) 11.7

2012-03-16 5.30 (fixed) 3500 (fixed) 19.4+3.8
−2.7 480+30

−30 2 (fixed) 2.4+0.1
−0.1 −1.5+0.2

−0.2 0 (fixed) 3.8

2016-01-21 5.30 (fixed) 3500 (fixed) 24.6+0.7
−0.7 340+30

−30 2 (fixed) 2.7+0.1
−0.1 −0.8+0.1

−0.1 0 (fixed) 1480

2016-01-21 5.30 (fixed) 14110+790
−740 15.1+0.8

−0.8 550+20
−20 2 (fixed) 2.8+0.0

−0.0 −0.8+0.1
−0.0 0 (fixed) 39.7

near-IR only

2016-01-21 5.30 (fixed) 15200+2890
−1810 36.7+1.8

−1.8 1500 (fixed) 50.2+19.7
−23.4 2.0+0.0

−0.0 −4.8+0.0
−0.0 0 (fixed) 264

near-IR only with dL/dt

2016-01-21 5.30 (fixed) 10880+1260
−1150 23.8+3.5

−3.3 170+300
−130 2 (fixed) 3.7+1.6

−0.9 1.3+3.2
−1.8 0 (fixed) 0.7

2016-01-21 5.30 (fixed) 3500 (fixed) 46.2+1.3
−1.4 140+190

−90 2 (fixed) 3.6+1.2
−0.8 1.2+2.4

−1.6 0 (fixed) 256

near-IR only with dL/dt and vej = 300+300
−150 prior

2016-01-21 5.30 (fixed) 10860+1310
−1150 23.8+3.4

−3.4 430+130
−130 2 (fixed) 2.9+0.3

−0.2 −0.4+0.6
−0.4 0 (fixed) 2.6

near-IR only with dL/dt and vej = 300+30
−30 prior

2016-01-21 5.30 (fixed) 10660+1270
−1120 24.4+3.4

−3.4 560+90
−80 2 (fixed) 2.7+0.1

−0.1 −0.8+0.2
−0.2 0 (fixed) 7.8

near-IR only with dL/dt and extrapolation to 2011-07-28

2016-01-21 3.74+0.02
−0.02 4610+120

−120 0.0+0.1
−0.0 510+860

−450 2 (fixed) 2.0+1.9
−1.2 −5.1+3.9

−2.7 0 (fixed) 1600

2016-01-21 3.74+0.02
−0.01 4610+110

−110 0.0+0.1
−0.0 140+820

−90 4.9+79.1
−3.6 3.1+1.2

−1.9 −6.7+1.4
−2.2 0 (fixed) 1600

Constraints from MCMC models of the SED at various epochs. The uncertainties give the 90% confidence intervals. L∗ is the
bolometric luminosity of the source, T∗ is the intrinsic effective temperature of the input SED, Td is the dust temperature at the inner

radius of the dust shell (Rin), Rout/Rin is the thickness of the dust shell, vej is the velocity required for material ejected on 25 March

2009 to reach the inner edge of the dust shell, and E(B–V ) is the local E(B–V ) in NGC 6946 in addition to E(B–V ) = 0.303 adopted
for Galactic extinction, and χ2 is the fit of the model. For the Rout/Rin = 2 models Mej is the ejected mass implied by Eqn. 1,

otherwise it is the mass loss rate M� yr−1 implied by Eqn. 3.
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Figure 6. The SED of N6946-BH1 in 2016 with the best-fitting

model for a surviving star with the luminosity of the progeni-
tor (log L∗/L� = 5.3) obscured by a dusty shell when treating

our F110W and F160W photometry as detections and the other

bands as upper limits is given by the solid black line. The open
black pentagons are the latest SED constraints from HST and

SST. This particular model has T∗ = 10700 K, τV,tot = 24.2,

Td = 570 K and χ2 = 7.8. The dashed green line gives the cor-
responding shell model for 28 July 2011 based on the implied ve

(τV,tot = 206 and Td = 1400 K) and the green triangles give

the SST and LBT constraints for that epoch. The high optical
depth required by the 2016 models correspond to such high op-

tical depths in 2011 that the models are optically thick even at

3.6 µm, leading to a step drop in the SED blueward of 4.5 µm
that is in gross contradiction with the observational constraints.

For comparison, the progenitor constraints and best-fit model are
given by the red squares and dotted line.

the progenitor location (unfortunately there is no progen-
itor near-IR data). We will present SED models for three
late-time epochs for which there are both 3.6µm and 4.5µm
observations: 28 July 2011, 16 March 2012, and 21 January
2016. We compliment the SST constraints with optical con-
straints inferred from the HST photometry on 8 October
2015 extrapolated with the V and R-band LBT variability
constraints (see Table 1).

First, we consider whether the progenitor could have
survived as a heavily obscured star with a steady-state
wind or an ejected shell, given the late-time photometric
constraints. Models with the progenitor surviving behind a
dusty wind do not fit the data well even if the surviving star’s
temperature is allowed to vary and all of the photometry is
treated as upper limits except for the clear HST detections
in the near-IR. The basic issue is that even at high optical
depths the models are unable to reradiate the progenitor’s
luminosity primarily at wavelengths redward of 4.5 µm, as
required by the photometric constraints, because the bulk
of the light is reprocessed by hot dust that produces flux
in the near-IR (see Fig. 4). The progenitor did not survive
behind a thick, dusty wind.

Models with the progenitor surviving behind an ejected
shell are also inconsistent with the observational constraints.
A T∗ ∼ 3500 K progenitor hidden behind dust cannot easily
reproduce the small slope between the near-IR constraints.
A much hotter surviving star (T∗ ∼14000 K) obscured by a
dusty shell is better able to match the near-IR constraints,
although still with a best χ2 of 40 when including the vari-
ability constraints. Good fits can only be achieved by (in
addition to allowing T∗ to vary) treating all of the photom-
etry as upper limits except for the near-IR. In this case, a
model with a hot star (T∗ ∼ 11000 K) and a high optical
depth (τ ∼ 24) from cool dust (Td ∼ 170 K) can fit the
data with χ2 ' 0.7. However, such a cool dust temperature
requires a much higher ejecta velocity (∼ 5000 kms−1) than
allowed by the constraints on the elapsed time between the
start of the optical outburst and the collapse of the opti-
cal flux due to dust formation (170 < vej < 560 km s−1;
see §4.2). Enforcing a prior on the ejecta velocity (with a
10% uncertainty) increases the dust temperature and also
worsens the fit to χ2 ∼ 7.8 (see Fig. 6).

Another consideration is the evolution of the IR flux.
The late-time 3.6µm flux decreases faster than the 4.5µm
flux. Although this would be a natural consequence of the
dust temperature decreasing as the ejected shell expands,
the corresponding evolution of the optical depth is problem-
atic for the models. The high optical depths required to fit
the 2016 photometric constraints would correspond to high
enough optical depths in 2011 to be optically thick even into
the mid-IR, resulting in an SED in 2011 that would drop
steeply blueward of 4.5 µm, in gross disagreement with the
SST photometry from 2011 (see Fig. 6).

Essentially, the evolution of the SED can only be well-fit
by our models if the bolometric luminosity fades to be well
below that of the progenitor. Such evolution of the bolomet-
ric luminosity would not be expected for true SN impostors
or stellar mergers. In both of those cases the surviving star
would likely be overluminous rather than subluminous be-
cause an overexpanded envelope is the natural result of any
transient mechanism which has no ’knowledge’ of the es-
cape velocity. Thus, the evolution of the SED suggests that
the progenitor did not survive the event. What then would
explain the late-time flux?

First, we consider whether the late-time emission could
be due to a surviving binary companion obscured by dusty
ejecta from the failed SN of the progenitor. Massive stars
have a large multiplicity fraction (> 82%; Chini et al. 2012;
Sana et al. 2012). Following the methodology of Kochanek
(2009), we estimated the luminosity distribution of surviv-
ing companions of ccSNe for the progenitor mass probability
distribution shown in Fig. 5. For a binary fraction of unity
with a uniform distribution of mass ratios, only ' 70% of
stars (at any given mass) will have a longer-living secondary.
Matching the luminosities of these secondaries to the parsec
stellar models yields the cumulative probability function of a
surviving secondary brighter than a given luminosity shown
in Fig. 7. There is a likelihood of roughly 30% that the pro-
genitor had a secondary at least as bright as the best esti-
mate of log L/L� = 4.50+0.10

−0.07 for the remaining luminosity
in January 2016 (90% confidence intervals). However, a sur-
viving secondary would not explain the continued late-time
decay of the bolometric luminosity implied by the mid-IR
devay. The envelope of the secondary could have been shock
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Figure 7. Cumulative distribution function for the luminosity
of a surviving binary companion given our constraints on the

progenitor mass (see Fig. 5). The dashed line indicates the median

luminosity from the MCMC SED modeling of the late-time source
and the corresponding likelihood of a surviving secondary being

this luminous. Similarly, the dotted lines indicate the 10th and

90th percentile luminosities from the SED modeling. The thin
vertical band shows the constraint on the progenitor luminosity.

heated by ejecta from the primary, making it overluminous,
but the luminosity would only decay on a thermal time scale
(> 103 yr; Pan et al. 2013; Shappee et al. 2013).

The late-time emission could be powered by fallback ac-
cretion onto a newly-formed black hole. Although fallback
is most commonly discussed as a possible power source for
GRBs and other short-duration transients (Woosley 1993;
MacFadyen & Woosley 1999; Kashiyama & Quataert 2015),
fallback accretion may emit significant luminosity on much
longer timescales (>yr) if the progenitor had sufficient angu-
lar momentum for material to circularize beyond the newly-
formed black hole’s innermost stable circular orbit. Theoret-
ical models have not been carried out for fallback accretion
in the Lovegrove & Woosley (2013) failed supernova sce-
nario, but Perna et al. (2014) find that for SN explosion en-
ergies leading to black hole remnants there is always a region
of parameter space that leads to long-lived accretion disks.
Given sufficient angular momentum, super-Eddington accre-
tion may be maintained for ∼10 yr with the accretion rate,
Ṁd, predicted to be roughly ∝ t−4/3 (Perna et al. 2014). Af-
ter the accretion becomes sub-Eddington, the accretion rate
declines more slowly with Ṁd ∝ t−19/16 (Cannizzo et al.
1990). The evolution of the bolometric luminosity of N6946-
BH1 is well fit by a power-law slope with L ∝ t−1.3±0.4

(see Fig. 8) for transients constrained to have begun be-
tween November 2008 and March 2009. This is consistent
with the theoretical predictions for late-time fallback disks.
The ejecta from failed SNe, with their low velocities and
relatively high densities, should be very efficient at form-
ing dust (Kochanek 2014a). Dust in marginally bound or
slowly ejected material, could absorb the optical (and UV)
flux emanating from a hot accretion disk and re-radiate it
at the longer wavelengths shown to be slowly fading by the
SST data.
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Figure 8. Evolution of the bolometric luminosity as a function
of elapsed time since the start of the optical outburst (between

25 November 2008 and 17 March 2009) as inferred from the SED

model. The vertical error bars on the points represent the 90%
confidence intervals from the MCMC modeling assuming T∗ =

3500 K. The shaded gray region is defined by the bounds on the

best-fit linear regressions for the luminosity given the uncertainty
in the start of the transient. The dot-dashed line has the slope of

−4/3 expected for late-time fallback accretion disks (Perna et al.

2014). For reference, the horizontal dashed and dotted lines give
the progenitor luminosity (on 2007-07-08 assuming E(B−V ) = 0)

and its 90% confidence interval.

5 ALTERNATIVES

We next consider alternative mechanisms for making a lu-
minous star appear to vanish. Could the failed SN candidate
be an exotic type of variable star? The optical luminosities
of Mira variables can decline by up to 8 mag over periods
of hundreds of days (Merrill 1940). As these pulsating stars
cool, molecules such as titanium oxide can form high in the
stellar atmosphere, reradiating the optical emission in the
near-IR (Reid & Goldston 2002). The optical diminution of
Miras is not preceded by an outburst, like that of N6946-
BH1. Moreover, N6946-BH1 has been optically faint for 7
years—much longer than the periods of Miras—and Miras
do not experience changes in their bolometric luminosities
as large as observed for N6946-BH1.

R Coronae Borealis (R Cor Bor) stars are a rare class
of cool, carbon-rich, hydrogen-poor supergiants that repeat-
edly, but irregularly, decline for up to 8 magnitudes for hun-
dreds to thousands of days, due to dust forming in the atmo-
sphere (O’Keefe 1939; Clayton 2012). The absolute magni-
tudes of R Cor Bor stars range from MV ∼ −5.2 to ∼ −3.4
at maximum (Tisserand et al. 2009), significantly fainter
than the progenitor of N6946-BH1 (MV ' −6.8). Since R
Cor Bor stars are thought to arise from a very late final shell
flash in AGB stars or the merger of two white dwarfs (Iben
et al. 1996; Webbink 1984; Clayton 2012) there is no reason
to suspect that a similar phenomenon occurs at the higher
luminosity of N6946-BH1, and R Cor Bor stars do not expe-
rience optical outbursts like that seen for N6946-BH1 prior
to its disappearance.

An eclipsing binary with a long period, such as the re-
cent one presented by Rodriguez et al. (2016), could possibly
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mimic the optical disappearance of N6946-BH1, but would
not explain the optical outburst or the more gradual evolu-
tion of the IR luminosity.

Could N6946-BH1 instead be a SN ‘impostor’? At
MR ∼< −10.64, the peak luminosity of the outburst likely

lies within the faint end of events frequently considered to
be non-terminal outbursts of luminous blue variables (Smith
et al. 2011). The constraints on the ejecta velocity and
transient duration are also consistent with the broad di-
versity of SN impostor properties. The driving mechanism
behind eruptive mass ejections in these massive stars is un-
clear. There is significant evidence that some of these events
may, in fact, be low-energy SNe (Adams & Kochanek 2015;
Adams et al. 2016). The main evidence disfavoring N6946-
BH1 being a SN ‘impostor’ is that after eruptive mass loss a
star is expected to be overluminous, not subluminous (Kashi
et al. 2016). N6946-BH1 appears to have faded below the lu-
minosity of its progenitor, which makes it unlikely that the
star survived.

Our primary concern with the failed SN interpretation
is that it does not provide a natural explanation for the ris-
ing IR flux in the final years prior to the optical outburst.
Various mechanisms have been proposed to enhance mass
loss in the final years before a SN (e.g., Shiode & Quataert
2014; Mcley & Soker 2014), though mainly in the context of
explaining precursor eruptions. Dramatic eruptions must be
relatively rare (∼ 10%) given the relatively low frequency of
Type IIn SNe. Even if precursor variability is a continuum,
significantly enhanced mass loss is likely not a generic out-
come given that in the few cases where there are multi-epoch
observations of the SN progenitor little, if any, variability is
observed (see Kochanek et al. 2016).

A stellar merger could explain many of the properties
of N6946-BH1, as Roche lobe overflow could give rise to in-
creasing IR and decreasing optical flux prior to an optical
outburst triggered by contact (Pejcha 2014; Pejcha et al.
2016a; MacLeod et al. 2016). The subsequent inspiral of
the secondary through the envelope could lead to signifi-
cant mass loss and dust formation (MacLeod et al. 2016).
However, in such a scenario the mass outflow would likely be
on order the escape velocity of the primary (Ivanova et al.
2013; Pejcha et al. 2016b), which, for the RSG progenitor
of N6946-BH1 would be much lower than the velocity con-
straint we found in §4.2. Also, the merger remnant would be
expected to be significantly more luminous than the progen-
itor for ∼a thermal time (Ivanova et al. 2013), as appears
to be the case for the well-studied Galactic stellar mergers
V838 Mon (Tylenda 2005), V4332 Sgr (Tylenda et al. 2005),
and V1309 Scorpii (Tylenda & Kamiński 2016), as well as
for the recent proposed massive star mergers in NGC 4490
(Smith et al. 2016) and M101 (Blagorodnova et al. 2016).

6 SUMMARY AND CONCLUSIONS

We present new late-time HST, SST, and LBT observa-
tions of the failed supernova candidate found by Gerke et al.
(2015). We also analyze archival imaging of the progenitor
and find that between 2003 and 2009 the progenitor main-
tained a roughly constant bolometric luminosity while fad-
ing in the optical and brightening in the mid-IR. The pro-
genitor SED can be well-fit by a ∼ 25 M� RSG. This lies

directly within the mass range of the missing RSG supernova
progenitors and high core “compactness” identified in theo-
retical models as most likely to give rise to failed supernovae
and direct black hole formation. In 2009 the progenitor un-
derwent a weak (∼ few 106 L�), but long (3–11 month), op-
tical outburst. The transient is broadly consistent with the
failed SN models of Lovegrove & Woosley (2013), although
the data on the optical transient are limited. Between 3 and
11 months from the start of the optical outburst the optical
flux collapsed to be far below that of the progenitor, though
the source faded more slowly in the mid-IR. This suggests
that dust formed in material ejected during the outburst
with 170 ∼> vej < 560 km s−1. These constraints on the peak

luminosity, transient duration, and ejecta velocity are con-
sistent with numerical simulations of failed SNe (Lovegrove
& Woosley 2013), but they also may be consistent with other
phenomenon such a SN impostor or stellar merger.

Our late-time data shows that the source is now > 5
mag fainter than the progenitor in the optical and, though
still fading, has returned to the pre-transient flux in the
mid-IR. The bolometric luminosity of the source is fading
with L ∝ t−1.3±0.4 , which is consistent with the models of
late-time fallback accretion onto a black hole (Perna et al.
2014). The bolometric luminosity of N6946-BH1 is now sig-
nificantly fainter than the progenitor, suggesting that the
progenitor did not survive. We propose that the late-time
detection of near-IR emission may be due to fallback accre-
tion onto a newly formed black hole obscured by dust that
formed in a weakly-ejected envelope.

N6946-BH1 merits further study. It would be valuable
to constrain the luminosity variability of the progenitor at
even earlier times with other archival data. New observations
are also needed to confirm that N6946-BH1 is a failed SN.
If the late-time luminosity is powered by fallback accretion,
it may be possible to detect X-rays with the Chandra X-ray
Observatory as long as the neutral hydrogen column depth is
not too large. If X-rays are not detected it will be especially
important to continue to monitor N6946-BH1 in the optical
to make sure that the source does not start to rebrighten due
to a decreasing optical depth and in the mid-IR to see if the
3.6 µm and 4.5 m fluxes continue to decrease. Ultimately,
observations at 10 − 20 µm with the James Webb Space
Telescope may be needed to verify that a surviving star is
not hidden by cooler dust than can be probed with SST.
If confirmed, N6946-BH1 would be the first failed SN and
first black hole birth ever discovered and would resolve the
problem of the missing high-mass SN progenitors.
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Table 3. Photometry

MJD Filter Magnitude Telescope

52935.0 R 21.5 ± 0.3 CFHT

52935.0 V 21.7 ± 0.2 CFHT

53166.8 3.6 µm 17.84 ± 0.08 SST
53166.8 4.5 µm 17.69 ± 0.09 SST

53260.3 4.5 µm 17.24 ± 0.08 SST

53334.7 3.6 µm 17.42 ± 0.05 SST
53334.7 4.5 µm 17.24 ± 0.07 SST

53553.0 B 22.8 ± 0.1 CFHT

53553.0 R 21.3 ± 0.3 CFHT
53553.0 U 23.5 ± 0.2 CFHT

53553.0 V 21.7 ± 0.1 CFHT
53571.2 4.5 µm 17.32 ± 0.06 SST

53571.2 3.6 µm 17.49 ± 0.06 SST

53571.2 4.5 µm 17.35 ± 0.07 SST
53630.8 4.5 µm 16.46 ± 0.11 SST

53676.0 3.6 µm 17.39 ± 0.05 SST

53676.0 4.5 µm 17.12 ± 0.05 SST
53959.5 4.5 µm 16.98 ± 0.07 SST

54006.2 3.6 µm 17.04 ± 0.04 SST

54006.2 4.5 µm 16.92 ± 0.05 SST
54065.9 3.6 µm 17.17 ± 0.05 SST

54065.9 4.5 µm 16.90 ± 0.05 SST

54098.0 3.6 µm 17.02 ± 0.04 SST
54098.0 4.5 µm 16.85 ± 0.052 SST

54285.0 3.6 µm 17.14 ± 0.05 SST
54285.0 4.5 µm 16.94 ± 0.05 SST

54289.2 F606W 23.09 ± 0.01 HST

54289.3 F814W 20.77 ± 0.01 HST
54324.4 3.6 µm 17.19 ± 0.05 SST

54324.4 4.5 µm 16.97 ± 0.05 SST

54395.9 3.6 µm 16.96 ± 0.04 SST
54461.1 3.6 µm 16.86 ± 0.03 SST

54461.1 4.5 µm 16.66 ± 0.04 SST

54492.9 3.6 µm 16.93 ± 0.04 SST
54589.4 B 24.43 ± 0.04 LBT

54589.4 R 21.70 ± 0.01 LBT

54589.5 U 25.18 ± 0.26 LBT
54590.4 R 21.73 ± 0.01 LBT

54652.4 B 24.41 ± 0.03 LBT

54652.4 U 27.39 ± 1.90 LBT
54652.4 V 23.01 ± 0.01 LBT

54665.8 3.6 µm 16.700 ± 0.037 SST
54665.8 4.5 µm 16.541 ± 0.041 SST

54761.8 V > 18.8 Arbour

54763.8 V > 18.6 Arbour
54795.1 B 23.32 ± 0.01 LBT
54795.1 V 21.27 ± 0.01 LBT

54806.9 V > 18.7 Arbour
54811.8 V > 18.3 Arbour

54829.8 V > 18.7 Arbour

54836.8 V > 17.5 Arbour
54837.8 V > 18.7 Arbour
54844.8 V > 17.5 Arbour

54854.8 V > 17.5 Arbour
54907.5 R 19.02 ± 0.07 PTF

54907.5 R 19.00 ± 0.07 PTF
54915.5 B 22.14 ± 0.01 LBT
54915.5 R 18.98 ± 0.01 LBT

54916.5 g > 19.6 PTF
54916.5 g 19.74 ± 0.20 PTF

54918.5 g 19.82 ± 0.13 PTF

54922.5 g 19.63 ± 0.14 PTF
54922.5 g > 20.7 PTF

54977.5 R 19.57 ± 0.11 PTF
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Table 3 – continued

MJD Filter Magnitude Telescope

54984.5 R > 19.7 PTF
54984.5 R > 18.9 PTF

55004.3 R 21.03 ± 0.01 LBT

55004.3 U 24.66 ± 0.15 LBT
55004.3 V 22.59 ± 0.01 LBT

55018.4 R > 20.5 PTF

55020.4 R > 20.2 PTF
55020.4 R > 20.2 PTF

55022.4 R > 20.8 PTF
55022.4 R > 20.7 PTF

55025.4 R > 21.1 PTF

55028.4 R > 21.4 PTF
55034.4 R > 21.3 PTF

55034.4 R > 21.3 PTF

55042.3 R > 21.7 PTF
55048.4 R > 20.6 PTF

55094.3 R > 21.2 PTF

55107.2 R > 20.4 PTF
55107.3 R > 20.3 PTF

55123.1 R > 21.4 PTF

55123.2 R > 21.4 PTF
55124.1 B 25.70 ± 0.01 LBT

55124.1 U 24.83 ± 0.19 LBT
55124.1 V 25.61 ± 0.13 LBT

55126.1 B 25.68 ± 0.12 LBT

55126.1 U 24.33 ± 0.13 LBT
55126.1 V 26.12 ± 0.21 LBT

55273.5 B 25.51 ± 0.15 LBT

55273.5 R 24.45 ± 0.12 LBT
55273.5 U 24.78 ± 0.30 LBT

55273.5 V > 25.97 LBT

55536.1 B 26.10 ± 0.14 LBT
55536.1 R 24.93 ± 0.10 LBT

55543.2 R 24.98 ± 0.21 LBT

55543.2 V > 26.44 LBT
55717.4 B 25.84 ± 0.12 LBT

55717.4 U 26.16 ± 0.58 LBT
55717.4 V 26.47 ± 0.27 LBT

55769.9 3.6 µm 16.96 ± 0.04 SST

55769.9 4.5 µm 16.34 ± 0.03 SST
55824.3 B 25.58 ± 0.13 LBT

55824.3 R 24.74 ± 0.09 LBT

55824.3 V 25.45 ± 0.12 LBT
55827.2 B 25.72 ± 0.10 LBT

55827.2 U 24.34 ± 0.15 LBT
55827.2 R 24.63 ± 0.07 LBT
55827.3 V 26.03 ± 0.21 LBT

55828.3 B 25.62 ± 0.09 LBT

55828.3 R 24.81 ± 0.09 LBT
55828.3 V 25.88 ± 0.14 LBT

55884.1 R 24.88 ± 0.15 LBT
55884.1 B 25.89 ± 0.18 LBT
55884.1 V 27.10 ± 0.66 LBT

56002.0 3.6 µm 17.49 ± 0.06 SST
56002.0 4.5 µm 16.68 ± 0.04 SST

56045.4 B 25.69 ± 0.13 LBT

56045.5 R 24.74 ± 0.13 LBT
56045.5 U 25.28 ± 0.33 LBT

56045.5 V 26.63 ± 0.35 LBT

56090.4 B 25.48 ± 0.11 LBT
56090.4 R 24.78 ± 0.09 LBT

56090.4 U 26.29 ± 0.72 LBT
56090.4 V 26.04 ± 0.20 LBT

Table 3 – continued

MJD Filter Magnitude Telescope

56093.4 B 25.53 ± 0.11 LBT
56093.4 R 24.77 ± 0.09 LBT

56093.4 U 25.64 ± 0.43 LBT

56093.4 V 25.98 ± 0.16 LBT
56215.1 B 25.47 ± 0.12 LBT

56215.1 U 24.92 ± 0.27 LBT

56215.1 V 27.16 ± 0.62 LBT
56217.1 B 26.08 ± 0.21 LBT

56217.1 R 24.77 ± 0.15 LBT
56217.1 U > 25.13 LBT

56217.2 V > 26.55 LBT

56449.4 B 25.61 ± 0.12 LBT
56449.4 R 24.82 ± 0.10 LBT

56449.4 U 25.41 ± 0.43 LBT

56449.4 V 26.58 ± 0.47 LBT
56453.4 B 25.73 ± 0.11 LBT

56453.4 R 24.79 ± 0.08 LBT

56453.4 U 26.63 ± 1.07 LBT
56453.4 V 25.93 ± 0.20 LBT

56629.1 B 25.67 ± 0.14 LBT

56629.1 R 25.00 ± 0.16 LBT
56629.1 U 25.46 ± 0.43 LBT

56742.6 3.6 µm 17.95 ± 0.08 SST
56812.4 B 25.57 ± 0.11 LBT

56812.4 R 25.05 ± 0.15 LBT

56812.4 U 25.29 ± 0.35 LBT
56812.4 V 26.40 ± 0.32 LBT

56815.4 B 25.93 ± 0.15 LBT

56815.4 R 25.00 ± 0.10 LBT
56815.4 U 26.20 ± 0.76 LBT

56815.4 V 26.00 ± 0.16 LBT

56833.4 B 25.73 ± 0.14 LBT
56833.4 R 24.82 ± 0.10 LBT

56833.4 U > 25.24 LBT

56833.4 V 25.73 ± 0.13 LBT
56836.4 B 25.63 ± 0.11 LBT

56836.4 R 24.92 ± 0.09 LBT
56836.4 U 26.35 ± 0.75 LBT

56836.4 V 26.30 ± 0.23 LBT

56839.3 R 24.67 ± 0.09 LBT
56839.3 U 24.83 ± 0.23 LBT

56839.3 V 27.29 ± 0.64 LBT

56900.2 B 25.70 ± 0.01 LBT
56900.2 V 26.44 ± 0.27 LBT

56916.2 4.5 µm 17.07 ± 0.05 SST
56925.2 B 26.04 ± 0.14 LBT
56925.2 R 24.73 ± 0.08 LBT

56925.2 U 25.59 ± 0.30 LBT

56925.2 V 26.01 ± 0.14 LBT
56945.6 4.5 µm 17.26 ± 0.06 SST

56981.1 B 25.89 ± 0.12 LBT
56981.1 R 24.67 ± 0.09 LBT
56981.1 U 27.07 ± 1.17 LBT

56981.1 V 26.12 ± 0.20 LBT
57132.4 B 25.71 ± 0.11 LBT

57132.4 U 25.56 ± 0.34 LBT

57132.4 R 24.58 ± 0.08 LBT
57132.5 V 26.08 ± 0.21 LBT

57163.4 B 26.66 ± 0.44 LBT

57163.4 R 24.92 ± 0.19 LBT
57163.4 V > 26.34 LBT

57281.9 4.5 µm 17.50 ± 0.08 SST
57294.0 4.5 µm 17.35 ± 0.07 SST
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Table 3 – continued

MJD Filter Magnitude Telescope

57303.2 UVIS F606W 28.44 ± 0.46 HST
57303.3 UVIS F814W 26.02 ± 0.16 HST

57303.3 IR F110W 23.75 ± 0.02 HST

57303.3 IR F160W 22.38 ± 0.02 HST
57309.1 B 25.73 ± 0.10 LBT

57309.1 U 25.28 ± 0.26 LBT

57309.1 R 24.81 ± 0.08 LBT
57309.1 V 25.63 ± 0.10 LBT

57322.1 4.5 µm 17.39 ± 0.05 SST
57364.1 B 25.56 ± 0.08 LBT

57364.1 U 25.33 ± 0.25 LBT

57364.1 R 24.84 ± 0.11 LBT
57408.2 3.6 µm 18.67 ± 0.12 SST

57408.2 4.5 µm 17.42 ± 0.06 SST

Iben, Jr. I., Tutukov A. V., Yungelson L. R., 1996, ApJ,
456, 750

Ivanova N., Justham S., Avendano Nandez J. L., Lombardi
J. C., 2013, Science, 339, 433

Ivezic Z., Elitzur M., 1997, MNRAS, 287, 799
Ivezic Z., Nenkova M., Elitzur M., 1999, astro-ph/9910475
Jennings Z. G., Williams B. F., Murphy J. W., Dalcanton
J. J., Gilbert K. M., Dolphin A. E., Weisz D. R., Foues-
neau M., 2014, ApJ, 795, 170

Jerkstrand A., Smartt S. J., Fraser M., Fransson C., Soller-
man J., Taddia F., Kotak R., 2014, MNRAS, 439, 3694

Karachentsev I. D., Sharina M. E., Huchtmeier W. K.,
2000, A&A, 362, 544

Kashi A., Davidson K., Humphreys R. M., 2016, ApJ, 817,
66

Kashiyama K., Quataert E., 2015, MNRAS, 451, 2656
Kennicutt, Jr. R. C. et al., 2003, PASP, 115, 928
Kochanek C. S., 2009, ApJ, 707, 1578
Kochanek C. S., 2011, ApJ, 741, 37
Kochanek C. S., 2014a, MNRAS, 444, 2043
Kochanek C. S., 2014b, ApJ, 785, 28
Kochanek C. S., 2015, MNRAS, 446, 1213
Kochanek C. S., Beacom J. F., Kistler M. D., Prieto J. L.,
Stanek K. Z., Thompson T. A., Yüksel H., 2008, ApJ,
684, 1336

Kochanek C. S. et al., 2016, arXiv:1609.00022
Laher R. R. et al., 2014, PASP, 126, 674
Law N. M. et al., 2009, PASP, 121, 1395
Lovegrove E., Woosley S. E., 2013, ApJ, 769, 109
MacFadyen A. I., Woosley S. E., 1999, ApJ, 524, 262
MacLeod M., Macias P., Ramirez-Ruiz E., Grindlay J.,
Batta A., Montes G., 2016, arXiv:1605.01493

Mathis J. S., Rumpl W., Nordsieck K. H., 1977, ApJ, 217,
425

Mcley L., Soker N., 2014, MNRAS, 445, 2492
Merrill P. W., 1940, Spectra of long-period variable stars
Nadezhin D. K., 1980, Ap&SS, 69, 115
O’Connor E., Ott C. D., 2011, ApJ, 730, 70
Ofek E. O. et al., 2012, PASP, 124, 62
O’Keefe J. A., 1939, ApJ, 90, 294
Pan K.-C., Ricker P. M., Taam R. E., 2013, ApJ, 773, 49
Pejcha O., 2014, ApJ, 788, 22
Pejcha O., Metzger B. D., Tomida K., 2016a,

arXiv:1604.07414
Pejcha O., Metzger B. D., Tomida K., 2016b, MNRAS, 455,
4351

Pejcha O., Thompson T. A., 2015, ApJ, 801, 90
Perna R., Duffell P., Cantiello M., MacFadyen A. I., 2014,
ApJ, 781, 119

Piro A. L., 2013, ApJ, 768, L14
Prieto J. L. et al., 2008, ApJ, 681, L9
Reid M. J., Goldston J. E., 2002, ApJ, 568, 931
Reynolds T. M., Fraser M., Gilmore G., 2015, MNRAS,
453, 2885

Rodriguez J. E. et al., 2016, AJ, 151, 123
Sana H. et al., 2012, Science, 337, 444
Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103
Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500,
525

Shappee B. J., Kochanek C. S., Stanek K. Z., 2013, ApJ,
765, 150

Shiode J. H., Quataert E., 2014, ApJ, 780, 96
Smartt S. J., 2015, PASA, 32, 16
Smartt S. J., Eldridge J. J., Crockett R. M., Maund J. R.,
2009, MNRAS, 395, 1409

Smith N. et al., 2016, MNRAS, 458, 950
Smith N., Li W., Silverman J. M., Ganeshalingam M., Fil-
ippenko A. V., 2011, MNRAS, 415, 773

Sukhbold T., Ertl T., Woosley S. E., Brown J. M., Janka
H.-T., 2016, ApJ, 821, 38

Sukhbold T., Woosley S. E., 2014, ApJ, 783, 10
Thompson T. A., Prieto J. L., Stanek K. Z., Kistler M. D.,
Beacom J. F., Kochanek C. S., 2009, ApJ, 705, 1364

Tisserand P. et al., 2009, A&A, 501, 985
Tylenda R., 2005, A&A, 436, 1009
Tylenda R., Crause L. A., Górny S. K., Schmidt M. R.,
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