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What Red Supergiants do 
before they die
Ben Davies, Emma Beasor (Liverpool JMU)  
Nathan Smith (U Arizona), Luc Dessart (U de Chile)
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G. Meynet & A. Maeder: Stellar evolution with rotation. V 111

Fig. 8. Evolutionary tracks for non–rotating
(dotted lines) and rotating (continuous lines)
models with solar metallicity. The rotat-
ing models have an initial velocity vini of
300 km s−1. For purpose of clarity, only the
first part of the tracks for the most massive
stars (M ≥ 40 M⊙) is shown. Portions of
the evolution during the W–R phase for the
rotatingmassive stars are indicated by short–
dashed lines. The long–dashed track for the
60 M⊙ model corresponds to a very fast ro-
tating star (vini ∼ 400 km s−1), which fol-
lows a nearly homogeneous evolution. Only
the beginning of its evolution is shown.

as red supergiants at Teff below 4000K, while the non–rotating
models spend a significant part of the He–burning phase in the
blue part of the HR diagram: for the non–rotating 15 and 20
M⊙ models, respectively 25 and 20% of the total He–burning
lifetime is spent at log Teff ≥ 4.0. The behaviour of the rotat-
ing models results mainly from the enhancement of the mass
loss rates. This effect prevents the formation of a big interme-
diate convective zone and therefore favours a rapid evolution
toward the RSG phase (Stothers & Chin 1979; Maeder 1981).
Let us note that the dispersion of the initial rotational velocities
produces a certain distribution of the above behaviours.

Very interestingly, for the 12M⊙ model a blue loop appears
when rotation is included. This results from the higher lumi-
nosity of the rotating model. The higher luminosity implies that
the outer envelope is more extended, and is thus characterized
by lower temperatures and higher opacities at a given mass co-
ordinate. As a consequence, in the rotating model during the
first dredge–up, the outer convective zone proceeds much more
deeply in mass than in the non–rotating star. Typically in the
non–rotating model the minimum mass coordinate reached by
the outer convective zone is 6.6 M⊙ while in the rotating model
it is 2.6 M⊙. This prevents temporarily the extension in mass of
the He–core and enables the apparition of a blue loop. Indeed
the lower the mass of the He–core is, the lower its gravitational
potential. According to Lauterborn et al. (1971, see also the dis-
cussion in Maeder & Meynet 1989), a blue loop appears when
the gravitational potential of the core Φc is inferior to a crit-
ical potential Φcrit depending only on the actual mass of the
star which is about the same for the rotating and non–rotating
model. This explains the appearance of a blue loop in the 12
M⊙ rotating model. For the 9 M⊙ model, the minimum mass
coordinate reached by the outer convective zone is not much
affected by rotation and the models with and without rotation
present very similar blue loops.

5.3. Masses and mass–luminosity relations

When rotation increases, the actual masses at the end of both
theMS and the He–burning phases become smaller (cf. Tables 1
and 2). Typically the quantity of mass lost by stellar winds dur-
ing the MS is enhanced by 60–100% in rotating models with
vini = 200 and 300 km s−1 respectively. For stars which do not
go through a Wolf–Rayet phase, the increase is due mainly to
the direct effect of rotation on the mass loss rates (in the present
models through the formula proposed by Friend&Abbott 1986)
and to the higher luminosities reached by the tracks computed
with rotation. The fact that rotation increases the lifetimes also
contributes to produce smaller final masses. For the most mas-
sive stars (M ≥ 60 M⊙), the present rotating models enter the
Wolf–Rayet phase already during theH–burning phase (see also
Maeder 1987; Fliegner & Langer 1995; Meynet 1999, 2000b).
This reduces significantly the mass at the end of the H–burning
phase.

As indicated in Sect. 5.1, the initial distribution of the ro-
tational velocities implies a dispersion of the luminosities at
the end of the MS. This effect introduces a significant scatter
in the mass–luminosity relation (Langer 1992; Meynet 1998),
in the sense that fast rotators are overluminous with respect to
their actual masses. This is especially true in the high mass star
range in which the luminosity versusmass relation flattens. This
may explain some of the discrepancies between the evolutionary
masses and the direct mass estimates in some binaries (Penny
et al. 1999).

Let us end this section by saying a few words about the
mass discrepancy problem (see e.g. Herrero et al. 2000). For
some stars, the evolutionary masses (i.e. determined from the
theoretical evolutionary tracks) are greater that the spectroscop-
ically determined masses. Interestingly, according to Herrero et
al. (2000), only the low gravity objects present (if any) a mass
discrepancy. Even if most of the problem has collapsed and was

Meynet & Maeder 2000

• Stars with masses > 40M⊙ skip the RSG phase
• Stars with masses 8M⊙ ➜ ~30M⊙ die as RSGs
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Maund & Smartt (2005) 
Smartt 2009 (+refs therein)

Smartt 93

SN2008bk
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SN2003gd

Evolution predictions can 
be tested with pre-explosion 
imaging of SN locations.

pre-explosion photometry
➜ 

terminal luminosity
➜

initial mass
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14 S. J. Smartt

Figure 6. The progenitor detections are marked with error bars
(data from Table 1 and the limits are marked with arrows (data
from Table 2). The lines are cumulative IMFs with different min-
imum and maximum masses.

The estimated initial masses of the progenitors are
listed in Tables 1 and 2. The masses for the three low-
est luminosity progenitors (SN2003gd, SN2005cs and
SN2009md) are uncertain in the KEPLER models,
as this code does not yet have published endpoints
for stars in the 8-10M⊙ regime. This is a problem-
atic regime in that 2nd dredge up may occur, pushing
the progenitors to higher luminosities than their more
massive counterparts as discussed in Eldridge et al.
(2007); Smartt et al. (2002) and references there in. The
quoted, but uncertain estimates from employing the
KEPLER code are simply the extrapolated differences
from the STARS estimates.
As in Smartt et al. (2009), one can assume that the

progenitors come from a mass function of some slope
and take α = −2.35 as a reliable standard. A maximum
likelihood calculation can produce an estimate of the
most likely lower mass and upper mass of the distribu-
tion, assuming the masses follow a Salpeter function.
For the masses estimated with the STARS (and rotat-

ing Geneva) models, the values determined (using the
same IDL routine as employed in Smartt et al. 2009) are
a minimum mass for the distribution of mmin = 9.5+0.5

−2

and a maximum mass of mmax = 16.5+2.5
−2.5 where the

errors are the 95% confidence limits (see Figure 5). If
we employ the KEPLER models, then the values are
mmin = 10+0.5

−1.5 and a maximum mass of mmax = 18.5+3
−4

(again with 95% confidence limits). These results are il-
lustrated further in Figure 6 where the masses are plot-
ted with a Salpeter IMF (cumulative frequency func-
tion). The plots show that the mass distributions are
comfortably reproduced with a standard IMF between
the lower and upper mass limits from the maximum
likelihood calculations, but they need to be truncated
at the higher mass. If one allows the mass function to
vary up to say 30M⊙, then the mass distribution cannot
be reproduced. This is the same basic result as shown in
Fig 3 - the population of progenitors is missing the high
mass end of the distribution, but this time the IMF is
quantitatively considered. The maximum likelihood cal-
culation is visualised in this cumulative frequency plot
- given an IMF slope, the line fit should go through the
error bars of the detections and not conflict with any of
the upper limits.
The lower mass limit to produce a core-collapse SN

was estimated in Smartt et al. (2009) to be mmin =
8.5+1.0

−1.5 from the same method and the sample to that
point. Smartt (2009) reviewed the limits from the max-
imum masses of white dwarf progenitors, suggesting a
convergence at mmin = 8± 1. The two values estimated
here slightly higher: the value from the STARS models
is mmin = 9.5+0.5

−2 (integer mass models evolved through
C-burning down to that mass have been calculated)
which is not significantly different to that estimated
previously given the errors. The value from the KE-
PLER models is higher again, at mmin = 10+0.5

−1.5. How-
ever low mass models (7-10M⊙) are not available from
KEPLER and the values in this luminosity range were
estimated assuming the same differential in luminosity
between KEPLER and STARS models exists between
7-10M⊙as at 11M⊙ (Figure 4). This is uncertain and the
lower mass from KEPLER should not be treated as a
quantitative estimate : mmin is critically dependent on
the mass estimates for the three lowest luminosity pro-
genitors and if these are adjusted down by ∼1M⊙then
the value ofmmin = 9.5 would be reproduced. Some fur-
ther quantitative modelling of stars in this interesting
mass range is required to reproduce the stellar luminosi-
ties and produce either a Fe-core collapse or O-Mg-Ne
core that collapses through electron capture. Despite
this uncertainty at the lower end, the existence of a
high mass upper limit for type II SNe appears be secure.
The value is model dependent of course, but the basic
result is that type II progenitors are statistically lacking
above a logL/L⊙≃ 5.1 dex. The final model luminosi-

PASA (2015)
doi:10.1017/pas.2015.xxx
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The ‘Red Supergiant Problem’
“missing” RSG progenitors 

between 16-30M⊙
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Figure 1. (Horizontal bars, arrows:) Compilation of currently
known progenitor initial mass estimates from direct imaging stud-
ies. Arrows indicate upper limits and dotted line indicates a soft
limit. Stars that resulted in Type II supernova are shown with
green squares, which consists from the data compiled by Smartt
(2015) along with the estimates for SN2016cok (Kochanek et al.
2017), SN2017eaw (Kilpatrick & Foley 2018), and SN2018aoq
(O’Neill et al. 2018). The only detection of direction implosion
candidate (Adams et al. 2017a) is shown in black. The vertical
bars show the final outcomes for non-rotating solar metallicity
progenitors (Sukhbold et al. 2018, 2016) based on a sample cali-
brated neutrino-driven explosion model (Ertl et al. 2016).

direct progenitor mass estimates are broadly consistent with
the threshold mass from direct imaging results (e.g., Jen-
nings et al. 2014; Jerkstrand et al. 2014; Valenti et al. 2016),
however, some are inconsistent or inconclusive (e.g., Katsuda
et al. 2018). While direct imaging has not detected any RSG
progenitor above MZAMS > 20 M�, there is some tentative
evidence to suggest that not all RSG with larger initial mass
disappear without a supernova. For example, through simple
radiation-hydrodynamical modeling Dastidar et al. (2018)
estimates an initial mass of 24–26 M� for the progenitor
of SN2015ba, however, it should be noted that this type of
light-curve modeling approach is not robust and does not
provide a unique solution (e.g., Dessart & Hillier 2019). En-
capsulating all the evidence at hand (Fig. 1, horizontal bars),
recent observational studies indicate a threshold in the ini-
tial mass space below which most or all RSGs result in a
supernova (MZAMS . 20 M�) and above which most RSGs
disappear without a bright explosion (MZAMS & 20 M�).

From the theoretical side, we currently have two distinct
scenarios. One set of solutions propose that the missing lumi-
nous RSG progenitors could be explained if RSG stars from
higher initial masses can transform into blue stars before
death. In some studies this is achieved by artificially enhanc-
ing mass loss at higher initial masses. For instance, models
published in Groh et al. (2013) employ enhanced mass loss
for stars above MZAMS & 18 M�, so that the stars which
would have died as luminous RSG instead died as compact
blue stars (either luminous blue variables or Wolf-Rayet).
In other studies this results emerges as a consequence of
employing a strong mass loss rate, determined either empir-
ically or theoretically. For example, Yoon & Cantiello (2010)
explored the e↵ect of “superwind” due to pulsations driven
by the partial ionization of Hydrogen in the envelope (e.g.,

Heger et al. 1997), and argued that the maximum mass for
the star to retain Hydrogen envelope is close to 19–20 M�.
Chie� & Limongi (2013) and Limongi & Chie� (2018) em-
ployed one of the most powerful mass loss prescriptions (van
Loon et al. 2005) and find that models with MZAMS & 18
M� die as Wolf-Rayet stars. However, such a scenario is in
tension with the observations of exploding (Meynet et al.
2015) and imploding luminous RSG (Adams et al. 2017a).
The required powerful mass loss rate is in tension with other
observational constraints (e.g., Beasor, & Davies 2018), and
furthermore, as pointed out by Smartt (2015), it is also in-
consistent with the observations of Type-Ib/c supernovae.

The other scenario argues that massive stars that die as
luminous RSG are intrinsically harder to explode, and their
collapse generally leads to an implosion into a stellar mass
black hole. While the idea was hypothesized since the 80s
for various reasons (e.g., Twarog & Wheeler 1987, Maeder
1992 and Brown & Bethe 1994 invoked to due to nucleosyn-
thesis considerations), its modern realization emerged from
decades of work on the advanced stage evolution of massive
stars and the mechanism of core-collapse supernova explo-
sions. It has long been known that the final fate of a mas-
sive star is strongly tied to the progenitor star’s core struc-
ture just before its death (Burrows et al. 1995) and that
this structure varies non-monotonically with initial mass
(Weaver & Woosley 1993; Timmes et al. 1996). A number of
one-dimensional, calibrated, neutrino-driven explosion stud-
ies from the past several years (O’Connor & Ott 2011;
Ugliano et al. 2012; Horiuchi et al. 2014; Pejcha & Thomp-
son 2015; Ertl et al. 2016; Sukhbold et al. 2016; Müller et
al. 2016) highlighted the complicated explosion landscape,
which is largely dictated by the non-monotonically varying
final core structures of massive stars.

The emerging picture (Fig. 1, vertical bars) indicates
that most of the massive stars up to about MZAMS ⇠ 20 M�
have compact cores that are easier to blow up, while more
massive stars retain extended core structures that tend to
implode1. However, there is no clean threshold that sepa-
rates the two outcomes, instead there are narrow ranges of
successful explosions above 20 M�, and implosions below as
well. This scenario is not only consistent with direct pro-
genitor imaging results, but it is also in a broad agreement
with nucleosynthesis and light curves (Sukhbold et al. 2016;
Brown & Woosley 2013), compact object mass distributions
(Kochanek 2014, 2015; Raithel et al. 2018), and explosion
energies and 56Ni masses (Müller et al. 2017).

The possible connection between the missing luminous
RSG supernova progenitor stars and massive stellar cores be-
coming abruptly harder to blow up above MZAMS ⇠ 20 M�
was first pointed out by Horiuchi et al. (2014). However, the
non-monotonically varying final core structures across the
initial mass space is ultimately the consequence of massive
stellar evolution. The systematic studies of presupernova
evolution by Sukhbold & Woosley (2014) and Sukhbold et
al. (2018) suggested that the interplay of convective burning

1 By compact final core structure we refer to smaller mass iron-
core surrounded by a steeply declining density gradient, i.e. the
structure described by a smaller value of the compactness param-
eter ⇠ (O’Connor & Ott 2011), and smaller values of M4 and µ4

(Ertl et al. 2016). By extended presupernova core structure we
mean the opposite.

MNRAS 000, 1–10 (2019)

The ‘Red Supergiant Problem’
Evidence of mass threshold for BH formation?

Sukhbold & Adams (2019)
Sukhbold+ (2016, 2018)

Mueller+ (2016)
Erlt+ (2016)

Horiuchi+ (2014)
O’Connor & Ott (2011)

Explodable (NS formation)..?

Not explodable (BH formation)..?
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Higher Ṁ ‘wins’ over 
core evolution  

Star evolves back to 
the blue, explodes in a 
H-poor SN. 

Georgy 2013
Meynet + 2015
Ekstrom+ 2010

Yoon & Cantiello 2010
Meynet+ 1994

The ‘Red Supergiant’ Problem(s)
possible solutions 
I: physics of stellar evolution 

(specifically… turn up the mass-loss rates)
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The ‘Red Supergiant’ Problem(s)
possible solutions 
II: observational biases

pre-explosion photometry
➜ 
terminal luminosity
➜

initial mass

Smartt 93
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I: Can we turn up the mass-loss rates to solve the RSG problem?
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χ Per

NGC 7419

NGC 2100

RSG mass-loss rates: let’s do it 
again. 

Use RSGs in star clusters, 
where all the stars are ~ the 
same mass

I: Can we turn up the mass-loss rates to solve the RSG problem?
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χ Per

NGC 7419

χ Per

Obtain mass-loss rates by 
modelling mid-IR excess

I: Can we turn up the mass-loss rates to solve the RSG problem?
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Figure 2. Plot showing Ṁ versus Lbol for all clusters we have studied. We also overplot our Ṁ- luminosity relation for a 16M� star.

(Equation 3). As previously mentioned, our study suggests
Ṁ is only weakly dependent on metallicity between Solar
and LMC. We can therefore present a mass-loss rate pre-
scription for 16M� stars that depends only on the luminosity
of the star.

log(Ṁ/M�yr
�1) = a + b log(Lbol/L�) (3)

where a = -22.90 ± 1.57 and b = 3.58 ± 0.34, derived using
a linear least-squares approximation in one-dimension. We
find a much steeper relation between mass loss and luminos-
ity than previous studies, as well as a smaller dispersion. Our
data suggest that when stars first join the RSG phase they

have very low mass loss rates implied by the small amount
of circumstellar material present. The mass loss rate then
increases by a factor of 100 throughout the RSG lifetime.
However, we have assumed a constant gas-to-dust ratio for
all stars in our sample. It is possible that this may change
with evolution, altering the Ṁ - luminosity relation.

For both clusters studied here we have seen evidence
for increasing Ṁ with evolution, as we saw for NGC 2100
(BD16). We find that by studying RSGs of approximately
the same initial mass (16M�, see Section 2.2) the dispersion
on the luminosity-Ṁ relation is dramatically reduced with
respect to the same trend when observed in field stars (e.g.
Van Loon et al. 2005; Groenewegen et al. 2009).

MNRAS 000, 1–9 (2017)
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Controlling for stellar 
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I: Can we turn up the mass-loss rates to solve the RSG problem?
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folding back into 
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models…

20M⊙ star arrives in RSG 
phase with ~17M⊙ left

I: Can we turn up the mass-loss rates to solve the RSG problem?
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In Geneva models, loses 
~10M⊙ during RSG phase

I: Can we turn up the mass-loss rates to solve the RSG problem?
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I: Can we turn up the mass-loss rates to solve the RSG problem?

With new Ṁ law, loses only 
~1M⊙
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Answer: no.  

In fact, we need to turn them down. By a lot. 

(Opposite of what’s required!) 

I: Can we turn up the mass-loss rates to solve the 
RSG problem?
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Also:  

RSG wind cannot strip the envelope 

➜ no single-star channel for SN-Ibc below 
~60M⊙ 

➜ H-D limit much too high in models

I: Can we turn up the mass-loss rates to solve the 
RSG problem?
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The ‘RSG (SN progenitors) Problem’
possible solutions 
II: observational biases

pre-explosion photometry
➜ 
terminal luminosity
➜

initial mass

Smartt 93

Assumptions about: Teff, BCV, extinction…

Need M-L relation from models
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BC used by S09, S15

Stars evolve to have 
larger BCs as they 

approach SN
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Figure 2. Bolometric corrections (BCs) for each of the stars in each cluster. The panels show the BCs in V , R, I and K-bands (top-left, top-right, bottom-left,
bottom-right respectively). The grey dashed lines shows the BCs adopted by S09 and S15 in each band. The dotted line with ‘+’ symbols shows the BCs
measured by Elias et al. (1985), which only go as far as M4.

stantial impact on their BCs. With this in mind, we now take a
fresh look at the inferred progenitor masses for all SNe with pre-
explosion detections and/or upper limits.

4.1 Sample

For the sample of objects, we begin with those events listed in S09
and S15. The mass-spectrum of II-P/II-L progenitors was first de-
fined in S09, but some of the terminal luminosities (and therefore
initial masses) of individual events were revised in S15 by adding
in an ad-hoc level of circumstellar extinction. S15 also added sev-
eral events that had occurred in the intervening years. Unless stated
otherwise in Sect. 4.1.1, we adopt the same distance moduli and
pre-explosion photometry as in S15 (and references therein).

For any event with a single-band pre-explosion detection, we
have revised the estimate of the terminal luminosity assuming a
spectral type of M4-M7, as discussed in Sect. 3.2 and listed in
Table 3. For certain events, information from multiple bands al-
lows us to place constraints the terminal colour of the progenitor.
We have not revised the pre-explosion luminosity for SN2009md,
where multi-band detections have already tightly constrained the
colour of the progenitor. Other events have single-band detections
plus upper-limits in other bands which can constrain the terminal

spectral type (e.g. SN2013ej). Below we describe the state of the
observations for each SN in the sample where the observed quanti-
ties have been updated since S09/S15, and our assumptions which
lead to progenitor mass estimates for these objects. Where possible,
the foreground reddening has been updated to that estimated from
the colours of the progenitor’s neighbouring stars (Maund et al.
2014a; Maund 2017). Objects for which we use the same distance
modulus µ, extinction, and progenitor photometry as S09/S15 are
not discussed. The observed quantities, and inferred pre-explosion
luminosities and initial masses are listed in Table 4.

4.1.1 Notes on individual objects

SN2003gd – Late-time/pre-explosion difference imaging was used
to constrain the progenitor’s pre-SN brightness to be mF814W =

24.90 ± 0.04 (Maund et al. 2014a). Detections in two bluer bands
constrain the pre-SN spectral type to be M3 or earlier (Smartt et al.
2004; Maund et al. 2014a). We have assumed a spectral-type of
M3, with BCF814W = 0.10±0.15, using our results from Fig. 2 and
Fig. A1. Maund et al. (2014a) estimated the foreground extinction
to this object using the colours of the neighbouring stars to be E(B-
V)=0.14±0.04, hence AV = 0.45± 0.19 using the extinction law of
Sect. 2.5.

MNRAS 000, 1–14 (2017)

Davies & Beasor (2018)

II: can observational biases explain the RSG problem?

evolution…
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The ‘Red Supergiant’ Problem
A reappraisal of the mass spectrum of II-P progenitors

Davies & Beasor (2018):

★ ‘redder’ bolometric corrections

★ better foreground extinction estimates (Maund 2017)



 24

The ‘Red Supergiant’ Problem
A reappraisal of the mass spectrum of II-P progenitors

The masses of RSG progenitors to SNe 9
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Figure 3. Comparison of the progenitor masses derived in this study with
those from S15.

sured from the neighbouring stellar population of AV = 0.45±0.06
(Maund 2017).

4.2 Comparison with previous mass estimates

Our updates to the progenitor masses are listed in the final column
of Table 4. These are compared with the masses estimated in S15
Fig. 3. On average, the progenitor masses have increased with re-
spect to S15. For many objects, the change in mass is small, as
the updated BCs in this work are somewhat cancelled out by the
ad hoc inclusion of AV = 0.5mag of circumstellar extinction in
S15. The objects with pre-explosion detections in K (SN2012A,
SN2012aw) have all moved to slightly lower Lfin due to the larger
positive BC at this wavelength, while SN2008bk has changed dra-
matically due to the downward revision in its foreground extinc-
tion. The objects with notable increases in progenitor mass are
SN2006my, SN2012ec and SN2009hd. In the latter two SNe, these
shifts are due not just to the change in BC, but also to the fore-
ground extinction being revised upwards from analysis of the local
stellar population. In the case of SN2009hd, the shift to higher pro-
genitor mass is due to the large change in BC compared to that
assumed by Elias-Rosa et al. (2011).

4.3 Estimating the upper and lower mass limits to the
progenitor distribution

The conversion of pre-explosion photometry to bolometric lumi-
nosity, and ultimately to initial mass, involves the combination of
errors which can be non-Gaussian, non-linear, and asymmetric. It
is non-trivial to propagate these errors in an analytic way. We there-
fore opt to fit the mass spectrum of the progenitors using a Monte-
Carlo (MC) method, which we now describe.

For each MC trial, we begin by sampling the pre-explosion
photometry of each progenitor from a Gaussian distribution centred
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Figure 5. The cumulative mass function of the SN progenitors, using
masses inferred from our updated BCs and the extinction estimates of
Maund (2017). The solid blue line is the best-fit, the red/orange/yellow
shaded regions denote all solutions within 1/2/3� respectively. The dashed
line is the mass function assuming a Salpeter IMF and an upper mass limit
of 30M� .

on the measured magnitude m� with a 1� width defined by the er-
ror on m� quoted in the relevant paper. This is converted to an abso-
lute magnitude by sampling the distance modulus from a Gaussian
distribution. We correct for foreground extinction by again sam-
pling from a Gaussian distribution, but with a cutoff at zero since
negative extinctions are unphysical. The extinction at the detected
waveband has been determined using reddening measurements in
the literature and our extinction law described in Sect. 2.5. The ab-
solute magnitude is then converted to a bolometric magnitude by
sampling BC� from a uniform (flat) distribution between the limits
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(Maund 2017).

4.2 Comparison with previous mass estimates

Our updates to the progenitor masses are listed in the final column
of Table 4. These are compared with the masses estimated in S15
Fig. 3. On average, the progenitor masses have increased with re-
spect to S15. For many objects, the change in mass is small, as
the updated BCs in this work are somewhat cancelled out by the
ad hoc inclusion of AV = 0.5mag of circumstellar extinction in
S15. The objects with pre-explosion detections in K (SN2012A,
SN2012aw) have all moved to slightly lower Lfin due to the larger
positive BC at this wavelength, while SN2008bk has changed dra-
matically due to the downward revision in its foreground extinc-
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shifts are due not just to the change in BC, but also to the fore-
ground extinction being revised upwards from analysis of the local
stellar population. In the case of SN2009hd, the shift to higher pro-
genitor mass is due to the large change in BC compared to that
assumed by Elias-Rosa et al. (2011).
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progenitor distribution

The conversion of pre-explosion photometry to bolometric lumi-
nosity, and ultimately to initial mass, involves the combination of
errors which can be non-Gaussian, non-linear, and asymmetric. It
is non-trivial to propagate these errors in an analytic way. We there-
fore opt to fit the mass spectrum of the progenitors using a Monte-
Carlo (MC) method, which we now describe.
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negative extinctions are unphysical. The extinction at the detected
waveband has been determined using reddening measurements in
the literature and our extinction law described in Sect. 2.5. The ab-
solute magnitude is then converted to a bolometric magnitude by
sampling BC� from a uniform (flat) distribution between the limits
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systematic error of -2M⊙

Finite sample size effects:

Davies & Beasor (2018)
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(expectation: 25-30M⊙)

Mupper = 24.6+2.7
�1.8M�

95% confidence limit = 33M�

Conclusion:
No strong evidence for ‘missing progenitors’. 

(19+2+2) = 23M⊙
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SN diagnostics of the progenitor

★ Progenitor’s surface C/N can be measured from flash 
spectroscopy (see talk by Gal-Yam) 

Davies & Dessart (2018)
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★ terminal surface C/N 
linked to progenitor 
mass
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SN diagnostics of the progenitor

★ Progenitor’s surface C/N can be measured from flash 
spectroscopy (see talk by Gal-Yam) 

Davies & Dessart (2018)
★ terminal surface C/N 

linked to progenitor 
mass
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Mass-loss during the RSG phase

★ up to x10 weaker than previously thought

★ Not enough to make a ‘stripped’ (Ibc) SN out of a single 
star

The ‘Red Supergiant’ Problem

★ No evidence for ‘missing’ SNe from high-mass stars

★ Doesn’t mean that higher mass RSGs aren’t making 
BHs… 

Flash spectroscopy of II-Ps

★ Can we get the progenitor mass from C/N..?


