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A B S T R A C T 

The fat e of massiv e stars abov e 20 M � remains uncertain. Debat e persists about whether they die as supernovae (SNe), or 
if they collapse directly into black holes (BHs) with little or no optical outburst – so - called failed supernovae. The source 
M31-2014-DS1 experienced an optical outburst in 2014 and has remained faint at visual wavelengths since then. Due to its 
persistent faintness, it has been proposed as a failed SN candidate. We present new observations of this candidate obtained 

using the James Webb Space Telescope ( JWST ), the Submillimeter Array, and Chandra . The JWST observations demonstrate 
that a luminous mid-infrared source persists at the same location a decade after the star faded at visual wavelengths. We 
model its current spectral energy distribution as a dust-enshrouded star. No X-ray emission is det ect ed, disfav ouring the 
hypothesis that the late-time luminosity is powered by accretion on to a BH. We find that the remaining source is highly 

obscured by an asymmetric distribution of circumstellar dust, making it difficult to quantify its physical properties using 

spherically symmetric radiative transfer codes. The dust geometry r equir es that the inferred bolometric luminosity is only 

a lower limit, as a significant fraction of the central source’s radiation may escape without being r epr ocessed by dust. 
We discuss the implications of these findings in the context of failed SN models and consider the potential overlap with 

signatur es e xpected fr om a st ellar merger, which also seems t o pr ovide a plausible e xplanation of this sour ce. 

Key words: stars: black holes – circumst ellar matt er – stars: massive – stars: mass-loss. 
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 INTRODUCTION  

n the canonical view of single-star evolution, solar metallic- 
ty stars with initial masses above 8 M � ar e e xpect ed t o end
heir lives as supernovae (SNe) and leave behind a neutron 

tar (NS) remnant (A. Heger et al. 2003 ). How ev er, the ex-
st ence of st ellar-mass black holes (BHs) r equir es that some

assive stars collapse further to make remnants more massive 
han NSs. This possibility has inspired suggestions that some 
f these massive stars may fail to explode successfully, dis- 
ppearing from view rather than producing a bright transient 
C. S. Kochanek et al. 2008 ). The factors determining how a

assive star ends its life are complex, and likely not a simple
unction of initial mass (e.g. T. Sukhbold, S. E. Woosley & A.

eger 2018 ; E. Laplace, F. R. N. Schneider & P. Podsiadlowski
025 ). 

Ser endipitious pr e-e xplosion imaging of the pr ogenit ors t o SNe
as played an important role in our understanding of how mas-
ive stars end their lives, as it is arguably the most direct method
f linking SNe to their progenitors. It was through this direct
et ection t echnique that red supergiants (RSGs) were confirmed 

s the most common progenitors to Type II-P supernovae (e.g. 
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. J. Smartt et al. 2004 ; J. R. Maund & S. J. Smartt 2005 ; M.
 r aser 2016 ). How ev er, as the sample of Type II-P SNe with pre-
xplosion imaging increased, some authors noted an apparent 
ack of progenitors with inferred initial masses above 16–18 M �,
espite the existence of RSGs in nearby stellar populations that 
re thought to have initial masses in this range (S. Smartt et al.
009 ; S. Smartt 2015 ). The statistical significance of the putatively
issing high-mass progenitors is controv ersial, how ev er, and has

een widely debated (B. Davies & E. R. Beasor 2018 , 2020a , 2020b ;
. S. Kochanek 2020 ; S. Healy, S. Horiuchi & C. Ashall 2024 ;
. R. Beasor, N. Smith & J. E. Jencson 2025 , among others). In
ddition to the low-statistical significance of missing progeni- 
ors, ther e ar e a number of other caveats to the RSG problem.
or one, the initial masses are derived using st ellar ev olution
odels, which are highly uncertain at late phases (e.g. M. Renzo

t al. 2017 ; E. Zapartas et al. 2021 ; J. J. Eldridge & E. R. Stanway
022 ). Secondly, progenitor luminosities are typically estimated 

sing only the HST F814W filter, which can underestimate the 
rue luminosity (E. R. Beasor et al. 2025 ). Thirdly, in the original
SG problem analysis (S. Smartt et al. 2009 ), no correction was
pplied for circumstellar dust extinction (J. J. Walmswell & J. J.
ldridge 2012 ), which can further bias progenitor luminosities 
ownwards. Finally, most studies have focused on Type II-P su- 
ernovae, but higher-mass RSGs may pr efer entially e xplode as
ther SN types, such as Type IIn or stripped-envelope SNe (e.g.
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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. Smith et al. 2011 ), which could change the inferred progenitor
ass distribution. 
The lack of high-mass RSG progenitors has been int erpret ed

y some as a smoking gun suggesting that the most luminous
SGs collapse to form a BH with little or no explosion (e.g.
. Smartt et al. 2009 ; S. Smartt 2015 ). Following this observa-
ional r esult, theor etical work identified possible r egimes of stel-
ar mass which seem to be harder to explode in simulations,
eading to the suggestion that there are ‘islands of explodabil-
ty’ (e.g. T. Sukhbold et al. 2018 ; K. Ebinger et al. 2019 ; S. M.
ouch, M. L. Warren & E. P. O’Connor 2020 ; E. Laplace et al.
025 ), in which a high-mass star is less likely to successfully
 xplode. 1 Some r ecent w ork has suggest ed that these studies
v erestimat e the likelihood of direct collapse in the RSG mass
 egime (e.g . A. Burr ows, T . W ang & D. Vartanyan 2024 , 2025 ).
here is also support from the gr avitational w ave side, with the
ass range of det ect ed BHs implying a lower initial-mass tran-

ition from NS to BH (e.g. F. R. N. Schneider, E. Laplace & P.
odsiadlowski 2025 ), as well as some works claiming that there

s no lower BH mass gap at all (A. Ray, W. Farr & V. Kalogera
025 ). 

All of this has motivated the search for the observational sig-
ature of a failed SN. Generally, teams search for failed SNe the
ame way they search for successful SNe; by searching for sud-
en changes in brightness. In the failed SN searches, how ev er, a
rogenitor star must first be detected in multiple epochs before it
an be seen to fade or disappear entirely. As such, the search is
imit ed t o v ery nearby galaxies (C. S. Kochanek et al. 2008 ). 

Ther e ar e two key challenges in identifying failed SN e. First,
assive stars might fade for reasons other than collapse to a
H, so there may be other types of fading stars that masquerade
s failed SNe (see J. E. Jencson et al. 2022 ; E. R. Beasor et al.
024 ). And secondly, from various theoretical predictions, it is
nclear exactly what a failed SN should look like. There is a
ide range of theor etical pr edictions for their observable char-

cteristics. For one, it has been suggested that failed SNe may
ndergo a direct collapse and have no visible signature beyond
isappearing (C. S. Kochanek et al. 2008 ). E. Lov egrov e & S. E.
oosley ( 2013 ) suggest that the collapse of a massive star may be

ccompanied by lingering infrared emission, potentially lasting
or sev eral y ears, but w ould not expect an optical transient. R.
erna et al. ( 2014 ) suggest that a failed supernova would produce
 dim but prolonged optical transient due to long-lasting fallback
ccretion on to the BH, while A. Antoni & E. Quataert ( 2023 )
nd the collapse of a massive star into a BH would produce a
right transient due to the luminosity from rapid accretion. The

nherent ambiguity in the wide range of curr ent theor etical pr e-
ictions makes it challenging to uniquely identify a fading star
s a failed SN, especially since other types of events like stellar
ergers may look similar (see discussion in E. R. Beasor et al.

024 ). 
The most compelling candidate of a failed SN to date had

een N6946-BH1 (hereafter BH1), first identified by S. M. Adams
t al. ( 2017 ). The progenit or t o the source was initially inter-
NRAS 546, 1–10 (2026) 

 We note that this result comes from 1D stellar evolution modelling, and 
xplodability is determined by adopting a criterion for the progenitors 
ore compactness. The use of this simple compactness paramet er t o de- 
ermine whether or not a progenitor will explode is debated, and the 
or e structur e may be mor e complicat ed than 1D st ellar ev olution models 
redict. 
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reted as an RSG with an initial mass of ∼30 M �, which then
nderwent an optical outburst before fading by a factor of 10
ver 3000 d. However, it has also been noted that a number of 
bservations prior to the outburst wer e mor e similar to those
xpected for stellar mergers (e.g. E. R. Beasor et al. 2024 ). For
ne, the source had appeared to redden over the preceeding 5
r from the colours of a warm supergiant to those of a cool,
 ed supergiant (e.g . S. M. A dams et al. 2017 ; R. M. Humphreys
019 ; E. R. Beasor et al. 2024 ), 2 similar to known stellar merger
vent V1309 Sco (E. Mason et al. 2010 ; M. M. Shara et al. 2010 ;
. St ̧e pie ́n 2011 ). Further, some models suggest the optical out-
urst of BH1 may have been too faint to be from a failed SN
A. Antoni & E. Quataert 2023 ). Finally, there remains an in-
rar ed(IR) bright sour ce at the position of BH1. As discussed in
. R. Beasor et al. ( 2024 ) and C. S. Kochanek, J. M. M. Neustadt
 K. Z. Stanek ( 2024 ), it is not possible to distinguish between

he failed SNe and merger scenarios without further epochs of 
ata. 
There have been other proposed candidates for failed SNe,

ncluding M101-OC1, a blue supergiant, (J. M. M. Neustadt
t al. 2021 ), N3021-OC1, a yellow supergiant (T. M. Reynolds,
. F r aser & G. Gilmore 2015 ), and PHL293B, a luminous

lue variable (A. P. Allan et al. 2020 ). We note that nei-
her of these objects have been considered to be strong candi-
ates for failed SNe and have not been followed up with mid-
R facilities to confirm their disappearance. There is emerg-
ng evidence that some massive stars undergo major dimming
vents befor e r e-brightening at later epochs, including M51-
S1 (J. E. Jencson et al. 2022 ) and Betelgeuse (M. Montargès

t al. 2021 ). The cause of these dimming events is unclear,
ut these studies show that any failed SNe candidate needs to
e followed up at later times to confirm the source has not
 e-appear ed. 

Recently, K. De et al. ( 2024b ) identified a new failed SN can-
idate in M31. This new candidate was identified by searching
or outbursts in data from the NEOWISE mid-infrared survey (A.

ainzer et al. 2014 ) in the dir ection of Andr omeda (M31). De et
l. identified a source that brightened by 50 per cent in the mid-
R ov er tw o y ears beginning in 2014. For the subsequent thou-
and days after the mid-IR brightening started, the inferred total
uminosity remained nearly constant, before fading below the
rogenitor flux over the next year, and NEOWISE data showed

t continued to fade through 2022. During this time the optical
ux from the source faded by a factor of ≥100 between 2016
nd 2019. The authors dubbed the candidate M31-2014-DS1, and
laim its moderate outburst and subsequent fading can be ex-
lained by the infall of the stellar envelope on to a newly formed
lack hole. The progenitor star was interpreted as a hydrogen-
oor supergiant, with an inferred luminosity of log (L/L �) = 5
nd effectiv e t emperature of ∼4500 K (K. De et al. 2024b ). We
ote that there are a number of SN with det ect ed progenit ors
t a similar luminosity (see fig. 6 in E. R. Beasor et al. 2025 ,
nd r efer ences within), implying that stars at this luminosity
re able to yield successful explosions in many cases. Also, if 
he star is a stripped-env elope progenit or (as modelled by K.
e et al. 2024b ), some theoretical work suggests that these stars

hould be easier to explode than their non-stripped counterparts
e.g. E. Laplace et al. 2025 ). Her e, we pr esent new JW ST and
 We note that the reddening time-scale may be longer, but there are no 
pitzer data before 2004. 



M31-2014-DS1 3 

S
D
r  

fi  

t  

D  

m

2

2

T
S  

N  

2  

D

a  

M  

b  

r
i  

s
P
t
2  

d  

fi  

m  

t  

p
t
d  

t  

t  

1

A  

e  

t  

G
s  

t  

(  

m

a
u
s
B  

O
s
s
w  

a  

m

3
4

m

2

T
t  

t
o
t  

G  

G  

t  

o

p  

d
o
l  

o
B
T
C

o

2

X  

w  

X  

2
a  

c  

D  

n  

i
T  

i  

c
 

a  

t  

h  

2  

X  

b

3

T
i  

o  

p  

m  

m  

l  

w
r  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/3/stag052/8424233 by guest on 26 M
arch 2026
MA observations of M31-2014-BH1 and model the data using 
U ST Y modelling. In Section 2 , we discuss the near-IR, mid-IR, 
 adio, and X-r ay data. In Section 3 , we discuss the dust shell model
tting. In Section 4 , we discuss current failed SN models. In Sec-

ions 5 & 6 , we discuss whether the observations of M31-2014-
S1 are consistent with either the failed SNe model or stellar
ergers. 

 DA  T  A  

.1 JWST 

he position of M31-2014-DS1 was observed by the James Webb 
pac e Telesc ope ( JWST ) on 2024 November 28. The data included
IRSpec (P. Jakobsen et al. 2022 ) and MIRI LRS (G. H. Rieke et al.

015 ) spectra as well as photometry from and MIRI, taken under
D T Pr ogramme 6809 (PI: De, K. De et al. 2024a ). 
Imaging was taken in MIRI filters F1500W, F1800W, F2100W, 

nd F2500W, see Fig. 1 . We identified the source using the bluest
IRI filter and r egister ed all images to a pre-disappearance Hub-

le Space Telescope ( HST ) image of the field, which served as the
 efer ence position. Alignment was done manually by eye, allow- 
ng us to confirm that the same source was clearly det ect ed in all
ubsequent observations. Following the method described in J. 
earson et al. ( 2025 ), point source function (PSF) photometry of 
he MIRI observations was done using space_phot 3 (J. Pierel 
024 ; J . D . R. Pierel et al. 2024 ) on the Level 2 products. This is
one by fitting the supernova’s PSF in each of the Level 2 CAL
les using WebbPSF (M. D. Perrin et al. 2012 , 2014 , version 1.2.1)
odels. Given the low signal to noise detection of the source in

he F2550W individual e xposur es, for this filter we instead do PSF
hotometry on the Level 3 stacked images. For photometry on 

he Level 3 products, space_phot uses temporally and spatially 
ependent Level 2 PSF models from W ebbPSF , and drizzles them
 ogether t o creat e a Lev el 3 PSF model. The resulting MIRI pho-
ometry is listed in Table 1 and MIRI images are shown in Fig.
 . 

The NIRSpec data were obtained via the Barbara A. Mikulski 
rchive for Space Telescopes (MAS T) data ar chive (W. D. Pence

t al. 2019 ) and were processed using the standard data reduc-
ion pipeline. Data were taking in the fixed slit mode using the
140H/F100LP , G235H/F170LP , and G395H/F290LP gratings re- 

ulting in spectr al cover age bwteeen 1 . 0 and 5 . 0 μm. The 1D spec-
ra wer e e xtracted using the spec1d function from specutils
J. A. Smith et al. 2020 ). We then smoothed the spectrum using a

oving average and a window size of 5 pixels. 
The JWST /MIRI LRS data were retrieved from the MAST 

rchive and processed using the standard JWST pipeline which 

tilizes the calwebb_detector1 and calwebb_spec2 
tages to correct detector artifacts and perform calibration (H. 
ushouse et al. 2022 ). The spectral range covered is 5–14 μm.
ne-dimensional spectra ar e e xtracted using extract_1d 

umming the flux within a defined spatial aperture along the 
ource trace, optimizing flux recovery. Background subtraction 

as carried out by estimating the back gr ound flux fr om r egions
djacent to the source trace and subtracting it from the flux
easured within the extraction aperture. 4 
 space_phot version 0.2.5 space-phot.readthedocs.io 
 https://github.com/STScI-MIRI/LRS _ ExampleNB/blob/main/ 

iri _ lrs _ pipeline _ extraction.ipynb 

t  

o
s
t  
.2 Radio 

he Submillimeter Array ( \ facility{SMA}) observations were ob- 
ained as part of the Large Project POE TS (Pursuit of Extr agalac-
ic Transients with the SMA; project 2022B-S046, PI: Berger). The 
bservations are summarized in Table 2 . During these observa- 
ions, the SMA was tuned to a local oscillator frequency of 225.5
Hz, providing spectr al cover age at 209 . 5 - 221 . 5 and 229 . 5 - 241 . 5
Hz. A cr oss all nights, 3C84 was observed as a bandpass calibra-

or, Ur anus w as observed as a flux calibr ator, and J0136 + 478 w as
bserved as a gain calibrator, with a 12-min cycle time cadence. 

Analysis of the data was performed using the SMA COMPASS 
ipeline (G. K. Keating et al., in preparation), which flags spectral
ata based on outliers in amplitude when coherently averaging 
ver increasing time intervals for each channel within each base- 
ine, as well as baselines where little to no coherence is seen
n calibrator targets. Flux calibration was performed using the 
utler–JPL–Horizons 2012 (B. Butler 2012 ) model for Uranus. 
he data were imaged, and deconvolution was performed via the 
LEAN algorithm (J. A. Högbom 1974 ). 
We do not detect emission at the location of M31-DS1 in any of 

ur observations, with a combined rms noise level of 0.5 mJy. 

.3 X-ray 

-r ay observ ations at the position of M31-2014-DS1 were taken
ith ACIS-S (G. P. Garmire & others 2000 ) on board the Chandra
-r ay observ atory under DD T pr ogramme 25 509 003 (PI: De) on
024 November 6. The data were reprocessed with CIAO v4.17 
nd CALDB 4.12.2. Source counts were extracted from a 2 arcsec
ir cular apertur e centr ed on the optical position of M31-2014-
S1, and the back gr ound was estimated fr om a concentric an-
ulus with inner and outer radii of 5 and 10 arcsec . Spectra and

nstrumental responses w ere generat ed using specextract . 
he on source time was 10 734.8 s and no counts were detected

n either the source or background regions, leading to a 90 per
ent confidence upper limit of < 2 . 1 × 10 −4 counts s −1 . 

To convert the observed count rates into fluxes, we assumed an
bsorbed power -la w spectrum with N H 

= 1 × 10 23 cm 

−2 and pho-
on index � = 1 . 7 . The adopted value of N H 

reflects the expected
igh-intrinsic e xtinction towar ds the sour ce (A. Bahramian et al.
015 ). Under these assumptions, we derive an upper limit on the
-ray luminosity of L X < 2 . 96 × 10 35 erg s −1 in the 0.5–7.0 keV
and. 

 T H E  SPECTRAL  E N E RGY  D I ST R I B U T I O N  

he JWST spectral energy distribution (SED) of M31-2014-DS1 
s shown in Fig. 2 . The NIRSpec data reveal that at short
ptical/near -IR wa velengths, a faint, r ed sour ce persists at the
osition of the failed SN candidate whereas MIRI data reveal a lu-
inous mid-IR source that peaks around 8–10 μm , which has al-
ost the same 20 μm flux as the progenitor. At the shortest wave-

engths, there is also a slight uptick in the flux towards shorter
avelengths ( ∼1–2 μm) extending past the observed wavelength 

ang e, perhaps sugg esting the presence of a lingering optical
ource. 

The mid-infrared spectrum exhibits a strong silicate absorp- 
ion feature at 10 μm, indicative of a substantial amount of cool
 xy gen-rich cir cumstellar dust in absorption along the line of 
ight. In typical red supergiants undergoing standard mass-loss, 
his feature generally appears in emission (e.g. E. R. Beasor et al.
MNRAS 546, 1–10 (2026) 

https://web.powerxeditor.com/ED603/home/space-phot.readthedocs.io
https://github.com/STScI-MIRI/LRS_ExampleNB/blob/main/miri_lrs_pipeline_extraction.ipynb
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M

Figure 1. Top left: Finder chart for M31-2014-DS1 using Pan-starrs gri photometry. Top right: JWST /MIRI imaging of the sour ce r emaining at the 
position of M31-2014-DS1. Bottom: PSFs in each JWST MIRI filter. 

Table 1. Flux measurments for MIRI photometry. 

Filter Flux ( ×10 −6 mJy) 

F1500W 1.0902 ± 0.0059 
F1800W 1.1295 ± 0.0136 
F2100W 1.1718 ± 0.0148 
F2550W 1.3342 ± 0.0137 

Table 2. SMA observations. 

Observation date On-source time (min) 

250219_04:11:12 79 
250218_03:56:04 130 
250217_03:46:50 139 
250216_04:05:22 79 
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020 ). How ev er, in cases with large quantities of circumstellar
aterial – particularly when the dust distribution is asymmetric
the silicate feature can instead appear in absorption, as ob-

erved in objects such as IRAS 01304 + 6211, an OH/IR object in
assiopeia (F. Kemper et al. 2002 ) and WOH G64, a supergiant
nown t o hav e a non-spherical dusty t orus (K. Ohnaka et al.
NRAS 546, 1–10 (2026) 
008 ). V. Karambelkar et al. ( 2025 ) present JWST observations of 
uminous red novae several y ears aft er their outbursts, including

31-LRN-2015, claimed to be a merger product that show strong
ilicate absorption features in its spectra, see Fig . 3 . A dditional
bsorption features are present at 4.3 and 4.5 μm, likely associ-
ted with CO and possibly CO 2 , further supporting the presence
f a significant amount of dusty molecular material (P. Cox et al.
988 ; P. R. Wood et al. 1989 ; J. Cami et al. 1997 ). We also present
he pre-disappearance SED of the progenitor star for comparison,
s well as HST data from 2022, see Fig. 2 . 

When comparing the photometry of the progenitor system to
he new JWST data ther e ar e clear differ ences, see Fig . 2 . First,
he near-IR flux ( λ < 2 μm) has faded by a factor of ∼5000 at
 μm and by a factor of 50 since 2022. At longer wavelengths,
here is still a loss of flux compared to the 2012 emission, but
t a much low er fact or. At λ ≥ 10 μm, the flux has remained
onstant. The unchanged flux at λ > 10 μm is consistent with
he system increasing in extinction (likely due to dust produc-
ion), which dramatically reduces the flux at short er wav elength
nd causes the silicate feature to go into absorption rather than
mission. The longer wavelength observations are not consis-
ent with an overall reduction in bolometric luminosity of the
ystem. 
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Figure 2. The SED of the remaining source at the position of M31-2014-DS1 obserevd by JWST and SMA. The NIRSpec data have been smoothed using 
a moving average with a window size of 5 pixels (black solid line). We also show the SED of the progenitor star (green triangles) as well as post-outburst 
data (orange triangle). 

Figure 3. Comparison between the mid-IR appearance of M31-2014- 
DS1 and luminous red nova M31-LRN-2015 (V. Karambelkar et al. 2025 ). 
The fluxes have been normalized for direct comparison. 
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If the circumstellar dust surrounding DS1 is asymmetric (see 
elow) then the int egrat ed IR luminosity is only a lower limit
o the source’s true luminosity, since this method relies on the
ssumption that any radiation lost to extinction at shorter wave- 
engths is re-emitted at longer wavelengths. This assumption 

nly holds true for stars with spherically symmetric dust shells. 
s such, any luminosity estimat e deriv ed from such modelling 
ould be a lower limit, as optically thick, asymmetric dust con- 
gurations could obscure significant amounts of flux along cer- 

ain lines of sight, whereas the light being re-emitted at longer
avelengths may be only a small fraction of the total intrinsic

uminosity. This hypothesis r equir es that an Earth-based observer
s viewing the system from a vantage point at latitudes near the
quatorial plane. 
.1 DUSTY modelling 

e e xplor e models for the source using the 1D DUSTY radiative
ransfer code, which solves the radiative transfer equations as- 
uming spherical symmetry. For the dust shell models used in this
 ork, w e used MARCS model atmosphere models (B. Gustafsson

t al. 2008 ) at T eff = 4400 to match the inferr ed temperatur e fr om
. De et al. ( 2024b ). For the dust itself we use the silicate-rich

omposition defined by B. Draine & H. M. Lee ( 1984 ) and vary
he grain size from 0.1 to 1.0 μm in steps of 0.1. We allow the
nner dust temperature (i.e. the temperature at the innermost 
adius of the dust shell) to vary between 100 to 1200 K in steps
f 100 K. We chose 1200 K as a maximum T in value since silicate
ust sublimates at temperatures above this (M. S. Hanner 1988 ). 
For fitting the models, we convolve the model spectrum 

rom DUSTY with the JWST filter profiles for the MIRI pho-
 ometry. We also conv olv e the NIRSpec and MIRI LRS spec-
rum with filter profiles for NIRCAM/F360M, MIRI/F560W, and 

IRI/F1000W t o creat e synthetic phot ometry and improv e the fit
t shorter wavelengths. 

We found that no single DUSTY model could provide a good
t to the full SED of M31-2014-DS1, see Fig. 4 . When attempt-

ng this, it is possible to fit the SED well at λ > 2 μm, but
t short er wav elengths there appears t o be a hott er, separat e
omponent. As not ed abov e the strong silicat e absorption fea-
ure and the presence of CO and CO 2 features strongly sug-
est the dust is not spherically symmetric, and so it is expected
hat using a spherically symmetric radiative transfer code such 

s DUSTY will fail to fit the JWST data. We instead model
he SED using two components to mimic the effect that an
symmetric dust distribution would have on the output SED. 
e begin by fitting only the cooler component of the SED
ith DUSTY as described above. To model the NIRSpec data 
MNRAS 546, 1–10 (2026) 
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M

Figure 4. Fit to the JWST data with DUSTY modelling and an additional reddened component. 
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 λ < 2 μm) we take the input model SED ( T eff = 5000 K, blue
ine) and redden it by 20 magnitudes using the G23 extinction
aw (K. D. Gordon et al. 2023 ). We then linearly combine this

odel component with a scaled-down version of the input spec-
rum to create a compsite model of the full SED (green dashed
ine). 

We show our best-fitting model in Fig. 4 . The emergent lu-
inosity of the model, after applying 18 mag of extinction, is

og (L/L �) = 3 . 85 , and we again note that due to the likely asym-
etric nature of the dust this is a lower limit on the true lumi-

osity of the system. We find that a high optical depth, τV = 23.2
s r equir ed t o fit the silicat e feature in absorption, corresponding
 o a t otal dust mass of 0.004 M �. There may be cold dust shells at
arger radii that do not effect the near and mid-IR SEDs. 

 DISCUSSION  

.1 Failed supernova models 

he idea that a massive star could collapse into a black hole
ithout producing a successful supernova explosion was first pro-
osed by D. K. Nadezhin ( 1980 ), who suggested that the sudden

oss of gravitational binding energy due to neutrino emission dur-
ng core collapse could unbind the loosely bound hydrogen enve-
ope of a red supergiant. This early insight laid the foundation
or later theoretical work by S. E. Woosley & T. A. Weaver ( 1986 )
nd C. L. Fryer, S. E. Woosley & D. H. Hartmann ( 1999 ), who
odelled the outcomes of core collapse in massive stars. While

hese studies often focused on successful explosions or gamma-
ay bursts (GRBs) via the collapsar mechanism, they noted that
n cases lacking sufficient rotation or inv olving ext ended st ellar
nvelopes, the collapse could fail to launch a str ong e xplosion,
esulting instead in a direct black hole formation with minimal
lectromagnetic emission. 

Building on D. K. Nadezhin ( 1980 ), E. Lov egrov e & S. E.
oosley ( 2013 ) modelled the low -energy tr ansients expected
hen an RSGs envelope is ejected purely by neutrino - driven
NRAS 546, 1–10 (2026) 
ass-loss, predicting a faint, short-lived optical signal. More re-
ent work by C. D. Ott et al. ( 2011 ) and E. O’Connor & C. D. Ott
 2011 ) introduced the ‘compactness parameter’ as a diagnostic
or identifying which st ellar progenit ors are most likely to fail,
roviding a quantitative framework for predicting black hole for-
ation in core-collapse events (see also T. Sukhbold et al. 2018 ). 
The concept of failed SN e g ained further relevance with the

mergence of the ‘red supergiant problem’, which noted a lack of 
igh-mass progenitors ( � 18–20 M �) in pre-explosion imaging (S.
martt et al. 2009 ; S. Smartt 2015 ). To test the failed SN hypothesis
bservationally, C. S. Kochanek et al. ( 2008 ) proposed a long-term
onit oring surv ey of nearby galaxies to search for massive stars

hat disappear without a bright explosion. But the expected ob-
ervational signature of a failed SN is unclear. Below, we discuss
arious models that make predictions for the observable features
f failed SNe, as well as the bespoke model proposed to explain
he observations of M31-2014-DS1. 

.1.1 Lovegrove & Woosley 2013 

n this work, the authors used hydrodynamical models of 15 and
5 M � progenitors with weakly bound envelopes (i.e. RSGs) to
 xplor e the fat es of SN progenit or stars following the sudden
oss of 0.2–0.5 M � of gravitational mass from their centres via
eutrinos. They find that this sudden loss of mass can generate
 very weak outgoing shock. For an RSG progenitor, this weak
hock is able to eject the hydrogen envelope and form a very weak
ptical transient with a total kinetic energy of ∼10 47 erg and an
jection velocity of only 100 km s −1 . The models suggest such an
v ent w ould r esult in faint, r ed transients that could last up to
 yr, peaking at a luminosity of appr o ximately 10 39 erg s −1 . In-
act, these events would appear similarly to luminous red novae
LRN), though with lower ejection speeds. The observations of 

31-2014-DS1 show a lack of any bright optical outburst as pre-
icted by this model. 
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.1.2 Perna et al. 2013 

hile not a study of failed supernovae, in Perna et al. the ap-
earance of compact objects surrounded by discs was e xplor ed. 
hey find that for SN that leave behind BHs, the presence of 
iscs is ubiquitous (R. Perna et al. 2014 ). For weak explosions (the
ase most similar to a failed SN), the outer envelope may remain
ound and allow for the formation of a disc. 

The expected duration of associated X-ray emission varies 
ignificantly depending on the properties of the fallback disc. 
or compact, hyper-accreting discs – such as those forming 

r om rapidly r otating, low-metallicity stars typically associated 

ith long-duration GRBs – the transient emission (including 
-rays) is expected to last no more than several hundred sec-
nds. In contrast, if the fallback material forms a longer-lived 

isc, the emission may persist for much longer. This scenario 
ould arise from more slowly rotating but highly extended pro- 
enitors, such as supergiant stars, where the large stellar ra- 
ius compensates for the lower rotational velocity by contribut- 

ng sufficient angular momentum to sustain an extended ac- 
retion disc or through weak/anisotropic explosions that allow 

ut er lay ers t o remain bound, and the resulting phenomena can
ave much longer durations. Early phases of these long-lived 

iscs, even if no longer neutrino - cooled, could produce weaker, 
ery long gamma-ray transients, which would lik ely ha ve asso-
iated X-ray emission lasting for several days. For older, long- 
ived discs around BHs, significant X-ray luminosity, compara- 
le to that of anomalous X-ray pulsars or modelling ultralumi- 
ous X-ray sources, is expect ed t o persist for much longer pe-
iods, potentially on the order of 10 4 –10 5 yr. Therefore, the X-
ay emission from fallback on to a newly formed black hole can
ange from brief transient bursts to very long-lasting, persistent 
ources. 

C. M. Basinger et al. ( 2021 ) suggested that observing X-rays
ay not be a useful diagnostic for failed SNe as the X-rays may

e absorbed via the envelope of the collapsed star. For another
ailed SN candidate, N6946-BH1, no X-rays were detected by 
handra X-ray telescope (C. M. Basinger et al. 2021 ). No X-rays
 ere det ect ed at the position of M31-2014-DS1 in archival data

K. De et al. 2024b ) or more recent observations (this work, see
ection 2 ). 

.1.3 Antoni & Quataert 2023 

. Antoni & E. Quataert ( 2023 ) e xplor ed the fate of massive stars
hat fail to produce a successful SN. Specifically, they model a 
6.5 M � RSG and a lower mass yellow supergiant (YSG) using
he athena ++ hydro code. In each case, a large fraction of 
he stars’ envelope would collapse into the core and produce a 
H. Importantly, the accretion luminosity from the infall of the 
nv elope w ould lead t o the production of a visible transient. 

In this model, a failed SN would appear similar to a LRN, with
 luminous red plateau lasting hundreds of days. The RSG model 
roduces a plateau length of ∼500 d, while the YSG plateau lasts
00 d. 

The failed SN candidate N6946-BH1 is also noted as being 
ualitatively similar to these events, although the models pre- 
ict a somewhat higher explosion energy and luminosity than 

bserved for N6946-BH1 if its progenitor was a 25 M � RSG. The
uthors also find that an 11.2 M � YSG would produce a luminous
ransient significantly brighter than that of N6946-BH1 (see fig. 
p
3 within). Given the presumed outburst for M31-2014-DS1 was 
ven less luminous than that of BH1, the observations of M31-
014-DS1 do not fit this model. 

.1.4 De et al. 2024b 

he observations of M31-2014-DS1 appear to show a scenario 
hat is not fully consistent with any of the aforementioned BH
ormation models. For one, there is a lack of any bright optical
utburst as predicted by both E. Lovegrove & S. E. Woosley ( 2013 )
nd A. Antoni & E. Quataert ( 2023 ). Secondly, the progenitor
tself differs from the typically assumed most -lik ely failed SNe
r ogenitor. The pr ogenit or t o M31-2014-DS1 appeared as a H-
eplet ed YSG progenit or, rather than a H-rich RSG. K. De et al.
 2024b ) attempt to reconcile the lack of a bright outburst and a
ailed SN by proposing an int ermediat e case of a weak impulsive
jection that caused enough additional e xtinction fr om new dust
ormation to counteract the luminosity. They find that the lumi- 
osity and duration of any missed outburst is limited to ≤ 10 5 L
and ≤70 d. 
E. Lov egrov e & S. E. Woosley ( 2013 ) attribute the lingering

ux from a failed SN to H-recombination in the ejected enve-
ope. In the scenario laid out by K. De et al. ( 2024b ), there is
lso H-recombination in addition to flux coming from accre- 
ion onto the BH. However, the progenitor system was identi- 
ed as a hott er, H-deplet ed star (based on the progenitors’ po-
ition on the HR diagram), meaning a lower-mass H envelope 
han studied in the E. Lov egrov e & S. E. Woosley ( 2013 ) sce-
ario. In addition, there is a 10 48 erg shock into the envelope
hich unbinds only 0.1 M � of material. The authors suggest 

his weak shock would produce a brief, luminous optical tran- 
ient that would be easy to miss given the photometric cover-
ge of the source. The authors also suggest that conv ectiv e tur-
ulence during the final stages of evolution lead to an angular
omentum that can suppress direct accretion. Combined these 

ffects lead to less efficient accretion (only 1 per cent of in-
alling material is likely to accrete directly) and a longer fading
ime. 

The model also addresses the lack of det ect ed X-ray emission
rom the accreting black hole. No X-rays were found in archival
handra , Swift , or NuS TAR observations tak en between 2015
 Chandra, NuStar ) and 2020 ( Swift ). K. De et al. ( 2024b ) explain
his by proposing that the newly formed black hole is heavily
nshrouded by both the unbound ejecta and a dense outflow from
he inefficient accretion process. This material creates a high- 
olumn density that absorbs any X-rays, preventing their detec- 
ion. The authors predict that this obscuring material will dissi- 
at e ov er time, and the sour ce may become transpar ent to soft X-
ays within the next several years to decades, potentially revealing 
he nascent black hole through future observ ations. A t the time of 
he most recent Chandra observations, taken in November 2024, 
he source has still not been det ect ed, see Section 2 . 

 I S  M31-2014-DS1  A  FAI L E D  S U P E R N OVAE ?  

n the previous sections, we discussed the predicted observational 
ignatures for a failed SN from a number of models. Ultimately,
he only model that appears to fit the data is that of K. De et
l. ( 2024b ). This bespoke model was constructed specifically to
econcile the observations of M31-2014-DS1 with the failed su- 
ernova scenario, proposing that a weak shock in a hydrogen- 
MNRAS 546, 1–10 (2026) 
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eplet ed progenit or star could explain the lack of a bright optical
utburst. 

How ev er, sev er al observ ational details challenge the interpre-
ation of M31-2014-DS1 as a failed SN. Ten years after the ini-
ial mid-infrared brightening in 2014, JWST observations reveal
 persistent, luminous infrared source at its location. The long-
 avelength flux ( λ ≥ 10 μm ) has remained nearly constant since

012, which is inconsistent with a simple, overall reduction in the
ystem’s bolometric luminosity. In a failed SN scenario where a
H is formed, the luminosity from fallback accretion is expected
 o decline ov er time as the accretion rate decreases. The fact that
he source’s mid-IR flux has not faded significantly, and that its
urrent luminosity is estimat ed t o be around 7–25 per cent of the
rogenit or’s, complicat es the collapse model. 
Furthermore, no X-rays have been detected from the position of 
31-2014-DS1 in archival Chandra observations from 2015, Swift

bservations from 2020 or Chandra observations from 2024. This
s in contention with models that predict long-lasting X-ray emis-
ion from fallback accretion on to a new black hole (e.g. R. Perna
t al. 2014 ), potentially for thousands of years. Although the
on-detection could be explained by heavy obscuration from the
ollapsing star’s envelope or newly formed dust (C. M. Basinger
t al. 2021 ; K. De et al. 2024b ), the combination of a lingering,
teady infrared flux and a lack of detectable X-rays more than 10
r after the suggested collapse of the star would argue against a
ailed SN. 

 I S  M31-2014-DS1  A  ST E L L A R  MERGER?  

s demonstrated in the previous section, M31-2014-DS1 does not
t any of the standard predictions for a failed SN. The only model

hat successfully matches the observations is the custom model
onstructed for this object from K. De et al. ( 2024b ). While the
uthors do make a prediction for the fate of the source, i.e. that
t will continue to fade below its pre-disappearance luminosity,
his alone is not sufficient in confirming the failed SN scenario.
 difficulty with such revised failed SN models is that by in-

oking long -lasting accr etion to e xplain the lingering late-time
uminosity, one pushes the observed expectations to a regime
hat becomes difficult to distinguish from a range non-terminal
utburst scenarios, such as dusty shell ejection and stellar merger
v ents. There hav e been a number of observ ed eruptiv e transients
hat have faded in the optical but remained bright in the infrared
s they became dust obscured, many of which are int erpret ed
s stellar merger events (e.g. V1309 Sco, R. Tylenda et al. 2011 ;
4332 Sgr, T. Kami ́nski, M. Schmidt & R. Tylenda 2010 ; M85
T20061, A. Rau et al. 2007 ; M31 RV, H. E. Bond & others 2011 ;
GC 4490OT2011, N. Smith et al. 2016 ; M101 OT20151, N.
lagorodnova et al. 2017 ; SPIRITS IRtransient sample, J. E. Jenc-
on et al. 2019 ; JWST studied mergers (A T2021blu, A T2021biy,
T2018bwo, M31LRN2015), V. Karambelkar et al. 2025 ). 
In the binary merger scenario, the observed luminosity of any

rogenit or syst em can hav e a significant contribution from shock
eating of the outflow from the inspiral phase, raising the appar-
nt luminosity (O. Pejcha et al. 2017 ; N. Smith et al. 2018 ). In other
 ords, the observ ed y ellow supergiant progenit or luminosity is
ot the nuclear burning luminosity of the system, but is enhanced
y the inspiral phase. This luminosity is not indicative of an initial
ass using the usual mass–luminosity r elations fr om single star
odels; the true stellar luminosity and corresponding initial mass

re lower. As such, converting from an observed luminosity to
NRAS 546, 1–10 (2026) 
n initial mass would lead to an overestimate of the progenitor
ass (see E. R. Beasor et al. 2024 ). In addition, this means that

he appar ent dr op in luminosity observed for both M31-2014-DS1
nd N6946-BH1 is not necessarily entirely due to extinction from
n ejected envelope or dust production, since the luminosity may
aturally decrease as the extra luminosity from the inspiral phase

s shut off – the system may actually be returning to its quiescent
adiative luminosity. This pre-merger increase in luminosity due
o inspir al w as observed for the merger system V1309 Sco (R.
ylenda et al. 2011 ). 
A. Kashi & N. Soker ( 2017 ) propose that stellar mergers, partic-

larly those classified as Type II int ermediat e-luminosity optical
ransients (IL O Ts), can e xhibit such behaviour due to anisotr opic

ass-loss. In their model, a strongly interacting binary ejects
ass pr efer entially int o the equat orial plane, forming a dense,

ptically thick dust torus that obscures the central source from
quat orial viewing angles. Observ ers in these dir ections pr edom-
nantly detect r epr ocessed radiation fr om the polar r egions, lead-
ng to a dramatic reduction in optical flux (down to ∼10 per cent
f its original value), while the infrared emission r emains str ong
ue to dust heating. It is important to recognize a clear selection
ffect that favours the identification of edge-on systems in surveys
earching for disappearing stars. In such merger events, the ob-
erved fading of the progenitor is typically caused by obscuration
rom an equatorial dust t orus. Consequently, merging syst ems are

ore likely to be misidentified as failed supernova candidates
hen they are viewed nearly edge-on, because systems that are
early edge-on will fade the most dramatically. Face-on mergers
r e e xpect ed t o occur as w ell, but they are less likely to exhibit
ignificant fading and ther efor e ar e less likely to be flagged as
 disappearing star (J. E. Andrews et al. 2021 ). The intrinsic lu-
inosity of an IL O T outburst likely depends on the mass of the

ngulfed companion, and in edge-on systems, extinction could
bscure a significant portion of the outburst’s light – especially if 
he event was relatively weak. 

A. Kashi & N. Soker outline fiv e ev olutionary phases for such
v ents: (1) Pr e-outburst interaction , inv olving gradual bright ening
nd increasing IR-to - optical luminosity ratios as dust begins to
orm; (2) Early outburst , characterized by a sharp rise in both
ptical and IR luminosity as mass is ejected; (3) Late outburst ,
uring which equatorial dust fully obscures the central source,
ausing significant optical dimming; (4) Post-outburst , where the
yst em is dominat ed by IR emission from polar dust; and (5)
ecovery , as the dust shell gradually thins and the central source
ecomes visible again over years to decades. 

The predicted observational signatures of Type II ILOTs can
losely resemble those of failed supernovae, particularly the ap-
arent disappearance of a massive star in visible wavelengths.
oth M31-2014-DS1 and NGC 6946-BH1, for e xample, e xhibit

his behaviour. In the IL O T scenario, this fading is e xplained by
symmetric dust formation obscuring the source, rather than by
ollapse to a black hole. Notably, some failed supernova candi-
ates, such as NGC 6946-BH1, also show a luminous optical out-
urst ( ∼ 10 6 L �) prior to their disappearance, consistent with the

Early outburst’ phase of the IL O T model. The e xtended duration
f the optical dimming – lasting decades – is likewise consistent
ith the long recovery timescales predicted for equatorially en-

hr ouded merger r emnants. Kashi & Soker specifically suggest
hat NGC 6946-BH1 could be a Type II IL O T and pr edict that its
isible emission may eventually re-emerge as the dust clears over
ime. 
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We note however, that predictions for the appearance of merg- 
rs and merger products are generally lacking through the litera- 
ur e. The pr esence of any outburst may depend on the mass of the
ompanion as well as the orientation of the syst em. Qualitativ ely,
he behaviour of both M31-2014-DS1 and N6946-BH1 seem to 
e consistent with observations of mergers (e.g. V1309 Sco). For 
S1, w e not e that its JWST spectrum shar es a number of featur es
ith observations of luminous red novae (V. Karambelkar et al. 

025 ), in particular M31-LRN-2015, which is thought to have 
een the result of a merger. 

 CONCLUSIONS  

n this paper, we investigate the likely fate of the failed supernova
andidate M31-2014-DS1 in light of new observations from JWST 

nd the SMA. Our main findings are as follows: 

(1) We detect an infrar ed sour ce coincident with the position
f M31-2014-DS1 in JWST /NIRSpec, MIRI/LRS, and MIRI imag- 
ng. We derive a luminosity of log (L/L �) = 3 . 85 , corresponding
o appr o ximately 7 per cent of the progenitor system identified by
. De et al. ( 2024b ). This value is likely a lower limit, as the SED

hows the 10 μm silicate feature in absorption, alongside other 
olecular absorption features, indicative of high extinction along 

ur viewing direction and an asymmetric dust geometry. We also 
annot know whether the luminosity of the source identified by 
. De et al. ( 2024b ) was the quiescent luminosity of the system,
r whether this was a value heightened by binary processes such
s inspiralling. 

(2) No source is det ect ed at radio wavelengths. 
(3) No X-rays are det ect ed. 
(4) We compare the observed properties to theoretical pre- 

ictions for the outcome of a failed supernova. Current models, 
ow ev er, provide no clear expectations that would allow a failed
upernova remnant to be distinguished observationally from a 
tellar merger. 

Ultimately, while the source is significantly fainter than the 
rogenit or, its fat e remains uncertain. One possibility is that the
tar has collapsed to a black hole, in which case it will continue to
ade. Alt ernativ ely, the ev ent may hav e been the result of a st ellar

erger, in which case the system could re-brighten once the dust
bscuration diminishes and the central source becomes visible. 
istinguishing between these scenarios will r equir e further JWST
onit oring ov er the coming y ears. 
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