The masses of RSG progenitors to SNé&

The Initial Masses of the Red Supergiant Progenitors to Typ4l
Supernovae

Ben Daviest* and Emma R. Beasbr

1Astrophysics Research Institute, Liverpool John Mooreivéfgity, Liverpool Science Park ic2,
146 Brownlow Hill, Liverpool, L3 5RF, UK

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

There are a growing number of nearby SNe for which the pragestiar is detected in archival pre-explosion
imaging. From these images it is possible to measure thepitwg's brightness a few years before explosion,
and ultimately estimate its initial mass. Previous work $faswn that II-P and II-L supernovae (SNe) have
Red Supergiant (RSG) progenitors, and that the range a@dlimitasses for these progenitors seems to be
limited to <17M . This is in contrast with the cutoff of 25-80, predicted by evolutionary models, a result
which is termed the 'Red Supergiant Problem’. Here we ingagt one particular source of systematic error
present in converting pre-explosion photometry into atidhinass, that of the bolometric correction (BC)
used to convert a single-band flux into a bolometric lumityodNe show, using star clusters, that RSGs
evolve to later spectral types as they approach SN, whichrimdauses the BC to become larger. Failure to
account for this results in a systematic underestimate t#r& suminosity, and hence its initial mass. Using
our empirically motivated BCs we reappraise the II-P antd 8Ne that have their progenitors detected in
pre-explosion imaging. Fitting an initial mass functiorthese updated masses results in an increased upper
mass cutoff thi:19.0’:21-53M o, With a 95% upper confidence limit e27M . Accounting for finite sample
size effects and systematic uncertainties in the massalsity relationship raises the cutoff Myj=25M¢,
(<33M, 95% confidence). We therefore conclude that there is ctlyren strong evidence for ‘missing’
high mass progenitors to core-collapse SNe.
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1 INTRODUCTION provide accurate pre-explosion photometry (&4gund & Smartt
2009. For a review of this work, se8martt(2015 hereafter S15).

Once the progenitor has been identified, its pre-explosion
brightness can be used to estimate its initial mass. Withna sa

The direct identification of the progenitor star to corelamp$e su- ple of progenitors studied in this way, it is possible to canep
pernovae (SNe) provides a critical test of the predictidnstellar the distribution of progenitor masses with that expectenfra
evolution. Specifically, various evolutionary codes havedicted standard initial mass function (IMF) and upper/lower lignio the
that single stars with masses betweehand 25-301 will end mass range. Such analysis yielded a surprising resultjfisadiy
their lives in the Red Supergiant (RSG) phase, the progesith that the upper limit to the mass range wak7’M o, as opposed to

rich envelope will cause the SN to be classified as a Il-platga the expected 25-30 (Smartt et al. 2009 hereafter S09; S15).
lI-long decline (lI-P/II-L), and the explosion will leaveehind a This result was termed ‘the RSG problem’, and has receivechmu

neutron star remnant (e.Bkstrom et al. 2012Heger et al. 2008 attention in the literature. Possible explanations inelsdbstan-
These predictions can be tested using SNe in nearby galax-tially increasing RSG mass-loss rates to lower the initiasmat

ies, which often have archival deep imaging data obtainedtfeer which the H-rich envelope is lost prior to SEKstrom et al. 2012

science goals. Following pioneering work Bynartt et al(2001) Georgy 2012, or lowering the mass threshold at which black-holes

and Smartt et al(2004), accurate image alignment has been used may form at core-collapse (S09). The latter explanationld/ces-

to identify the progenitor star for 14 Type-IIP/L SNe to daiad in onate across many areas of astrophysics, such as the fonmati

a few cases late-time imaging has been subtracted from the pr rate of black-holes, the cosmic SN rate, and the significah &N
explosion data to prove the progenitor has disappearedt@nd feedback in galaxy evolution (e.fochanek 2015Horiuchi et al.
2012 Crain et al. 201h

Turning the pre-explosion fluxes into an initial mass is a-two
step process. Firstly, the flux must be turned into a bolamletmi-
* E-mail: b.davies@ljmu.ac.uk nosity using either model fitting to the spectral energyritigtion
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(SED) (e.gMaund et al. 2014) or if the pre-explosion data is lim-
ited to one or two passbands, by assuming a bolometric d¢mmnec
(BC). Secondly, the final luminositlsy, is converted into an initial
massMinj; Via numerical predictions of the relation betwedp,;-
L, from evolutionary models (for details on this process, %S

In this paper we concentrate on the first step, that is theszonv
sion of fluxes to bolometric luminosities. The first potehsiaurce
of systematic error is the issue of extinction due to circias
lar material (CSM), which many RSGs are known to have, often
at the level ofAy > 1mag (e.gMassey et al. 2005de Wit et al.
2008 Davies et al. 2013 If this is not accounted forl_¢, (and
henceMit) will be underestimatedWalmswell & Eldridge 2012
Beasor & Davies 2016 However,Kochanek et al(2012 have ar-
gued that this effect would be small, since photons scatterte
the line of sight by circumstellar dust can almost entir@npen-
sate for the direct flux lost, provided the CSM is not too agdtic
thick. In S15, the progenitor mass distribution from S09 wes
analysed including an ad-hoc level of circumstellar extorc of

Ay = 0.5, and it was argued that the updated upper mass cutoff of

~17M gwas still much lower than the predicted 25A30,.

2 OBSERVATIONS AND DATA

In selecting clusters for this work, we have the followinguge-
ments. Firstly, the clusters must be young enough to coRRSiGs
(<25Myr), whilst being massive enough to have a well-popualate

upper IMF ¢ 10*M ). The clusters must also be nearby enough
such that we can resolve the individual stars, and that tfeedf-
sight extinction is low enough for us to be able to detect thessn
the optical. The latter requirement is necessary as we aregito
derive empirical bolometric luminosities, so we need to bie &0
detect the stars at any wavelength at which they emit noligilgle
flux.

From the above requirements we have selected four clusters:
the galactic clusterg Per, NGC7419, and RSGC2, and NGC2100
in the Large Magellanic Cloud. Below we discuss each of the-cl
ters in more detail.

2.1 x Per

This cluster is part of the largér+ y Per complex, all of which ap-
pears to be coeval to within the errors on the ages of the itoeist

Another potential source of systematic error is the adopted componentsQurrie et al. 201 This complex is itself part of the

BC. As stated above, for many SN progenitors there are pre-

explosion detections in only one or two bands. With a sirglad
detection, one cannot know the progenitor’s colour; whilehva
two-band detection one can only place an upper limit on theuco
under the assumption of zero reddening. In these casesralegy

is typically to assume that the progenitor was a RSG, andassn
average BC based on the average spectral type of RSGs. llypica
a spectral type of M@&3 subtypes is assumed, which corresponds
to bolometric correction in th€-band ofBCyy=—1.3+0.5 (see e.g.
S09, S15). By adopting such a Gaussian probability digighdor
BCy, the resulting initial mass estimate is exposed to a patkenti
systematic error if the true BC has a larger (negative) value

In this paper we reassess the BCs of RSGs, in particular the

evolution of BCs in various passbands as the stars apprasdch S
We do this by studying RSGs in resolved young star clusteys. B
studying stars in clusters, we can be confident that the alidrave
approximately the same age, and so the stars currently iRt
phase have the same initial mass to within a few tenths of arSol
mass. Since these RSGs will all be following roughly the sawe
lutionary track as they climb up the Hertzsprung-RusselR)Hli-
agram, we can use their luminosity as a proxy for evolutipistate
(see e.g. Fig. 1 dDavies et al. 2008 That is, we expect the most
luminous RSG in a cluster to be the star closest to SN. Thexefo
by measuring the properties of the RSGs in a cluster as aifinct
of luminosity, we can study how these properties changeessttits
evolve. Finally, by studying RSGs in clusters where we caarnty
detect the underlying main-sequence (MS) population, weusa
the location of the MS in the H-R diagram to make an independen
estimate of the foreground extinction. This is a crucialeadage if
we wish to study the intrinsic colour evolution of the RSGs.

This paper is organised as follows. In Se&ttve describe the
clusters in our sample, the sources for the photometry oRBE&s
studied here, our de-reddening procedure, and how we detrm
the BCs for each star. In Se8twe investigate the trends of spectral
type and BC with luminosity, and hence evolutionary stat&éct.

4 we use our results to reassess the progenitor masses foiPall |
and II-L SNe with pre-explosion photometry or upper limiasd
ultimately revisit the mass distribution of SN progenitarsd the
upper mass cutoff. We conclude in Sést.

larger Per OB1 complex. To ensure that we are only selecting ¢
eval stars, we have restricted our sample to those RSGawéthi

of the centre ofy Per, which is approximately the distance to the
edge of theh + y Per complex. This leaves us with a sample of
8 stars. Spectral types are taken from the SIMBAD database. T
optical extinction towardsy Per was determined b@urrie et al.
(2010 from fits to the location of the main-sequence stars, and was
found to beAy =1.66 mag.

The majority of the optical photometry is taken fralmhnson
(1966. The stars in this cluster have more contemporary pho-
tometry available in the literature (e.¢harchenko et al. 20Q9
Pickles & Depagne 2030enabling us to assess the reliability of
the original Johnson photometryThe photometry at/BVis con-
sistent to within~0.1mags, which seems reasonable considering
some of these stars are likely to be photometrically vagiaHbw-
ever, thel band photometry from different authors disagrees at a
level which cannot be explained by stellar variability. &fieally,
the Pickles synthetic Cousihs= |~ band photometry and Johnson
17 photometry are offset from one another by around half a mag-
nitude for all stars, even after colour-corrections to et in the
same photometric system (see Appendix). Furthermorehereset
of | photometry produces SEDs for the stars which look typical of
RSGs. As a compromise, for theband photometry in this cluster
we have taken an average of the Johnson and Pickles phoypmetr
with the error defined to be half the difference between tte tw

2.2 NGC 7419

This cluster is relatively compact, containing five RSGg|ud-
ing the relatively extreme RSG MY Cep. Spectral types arénaga
taken from the SIMBAD database. As wigh Per, main-sequence
fitting reveals an optical extinction &, = 5.2 (Joshi et al. 2008
Marco & Negueruela 20)3 The optical UBVRI photometry for
these stars is taken frodoshi et al(2008, and is complemented
with near- and mid-IR photometry from 2MASSKrutskie et al.

1 ThePickles & Depagné2010 data is synthetic photometry on the Lan-
dolt system constructed from various multiband photometrihe litera-
ture.
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Table 1. The extinction law for RSGs. The first column contains the eafthe filter bandpass. The next three column blocks contain the extinction at a
given filter A for an early stage (spectral type = M0O) and late-stage (MG R6r reddening values df (B — V)=0.322, 1.61 and 3.22 — analogous to visual
band extinctions ofiy =1, 5 and 10 for &ardelli et al (1989 reddening law withRy, = 3.1. See text for further details.

E(B -V)=0.322 | E(B-V)=161| E(B - V)=3.22
Ax/Av Ax/Av Ax/Avy
A (MO) (M7) (MO0) (M7) (MO) (M7)

JOHNSON U 1.285 1.050 | 1.402 1.285 | 1.449 1.374
JOHNSON B 1.215 1.199 | 1.194 1179 | 1.171 1.158
JOHNSON V 0.972 0.969 | 0.961 0.957 | 0.945 0.941
JOHNSON R 0.720 0.698 | 0.697 0.677 | 0.671 0.652
JOHNSON | 0.504 0.500 | 0.491 0.487 | 0.477 0.474
WFPC2 F814W | 0.544 0.536 | 0.531 0.524 | 0.517 0.511

2MASS J 0.338 0.426 | 0.293 0.273 | 0.294 0.266
2MASS H 0.182 0.181 | 0.181 0.181 | 0.181 0.180
2MASS K 0.119 0.119 | 0.118 0.118 | 0.118 0.118

2006 and MSX Egan et al. 2008 The I-band photometry has 2.5 Dereddening the photometry

been converted from the Cousins to the Johnson system (see Ap o
For the clusterg Per and NGC2100, the low foreground extinction

pendi). requires only a minor correction, and so the uncertaintpadiced
by the dereddening process is minor compared to other soofce
error such as the errors on the photometry. However, for NGAG7

2.3 RSGC2 and especially for RSGC2, uncertainties in the foregrouiohe-
tion and the extinction law are the dominant source of error.

This cluster is much more heavily extinguished than theirestir In making these corrections, the first factor we need to appre

sample, so much so that it has yet to be detected at wave®ngth cjate is that the commonly-used extinction laws used to edrav
shorter tharV. A population of blue stars was detected in the op- reddeningE(B — V) to extinction at a particular wavelength,
tical by Nakaya et al(2001), the colours of which imply &-band (e.g.Cardelli et al. 1989were derived using OB stars, which have
extinction of Ayy=11.4+0.6. This is comparable to the-band ex- very different spectral energy distributions (SEDs) to RSThis
tinction Ax ~ 1 found byFroebrich & Schol42013 who detected means that the tabulatefl; /Ay values (e.gRieke & Lebofsky
the main-sequence in the near-IR. However, fundamentarunc 1985 no longer hold, as the effective wavelength for the filter

tainties in the nature of the extinction law make correcfimgthis can be substantially redder when applied to a RSG. Indeett i
extinction highly problematic, as we will discuss furthar $ect. a second-order effect, in that the higher the total extimcthe red-
3.2 der the effective wavelength of the filter. This has beenipresty

The cluster has 26 RSGDaviesetal. 200y but only noted in the literatureJohnson et al. 1966.ee 1970 Elias et al.

a subsample of these have known optical spectral types 1985 Nakaya etal. 2001 Given our previously mentioned con-
(Negueruela etal. 20122013. These stars have high qual-  cers about some of the literature photometry for bright R8G
ity near and mid-IR photometry from 2MASSSpitzer/IRAC e |-pand, plus the fact that filter bandpasses frequently used t
(Benjamin et al. 200Band MSX. Optical photometry in the, R detect SN progenitors can be very different from those ofititen-
and| bands comes frorlakaya et al(2003), which according to son system, we have decided to revisit this issue with copbeany

the authors is photometrically similar to the Johnson sgste data.

To determine the appropriate reddening corrections, warbeg
with the observed SEDs of a sample of RSGs first presented in
24 NGC 2100 Davies et al(2013. The sample covers RSGs of spectral types KO

’ to M2.5, with continuous wavelength coverage between (185
This cluster, located in the Large Magellanic Cloud (LMCysh  and 2.5um. We derived synthetic photometry for each star for a
19 RSGs. Optical photometry in tHgBVR bands is taken from range of filters on the magnitude scate;,. We then reddened the
Massey (2002. This is complemented with-band photometry spectra according tGardelli et al.(1989, using a canonical value
from DENIS (Cioni et al. 2000, near-IR photometry from 2MASS,  of Ry = 3.1 and a fixed value 0E(B - V), and again determined

and mid-IR photometry from WISEWright et al. 2010. Spec- synthetic photometry for the same set of filter§,. The extinction
tral types are available only for a small subsample of stathis at a given filterA, for a fixedE(B — V) was then determined to be
cluster, obtained from |. Negueruela (priv. comm). For RSBGs Ay =my—my.

DENIS- bandpass has a colour correction to the Johnson system In Table1 we have tabulated values @, for various filters,
which for RSGs is indistinguishable from that of Cousinésee including the F814W filter that frequently provides the dtitns
Appendix). for II-P progenitors in pre-explosion imaging. We have [ded
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Table 2. Stars used in this study, along with their spectral types taed SED from theV-band to theJ-band using a black-body curve that

bolometric luminosities derived in this work. The errors bpo do not had been fitted to the available photometry. This extrapdlaé-
include the errors in the distance to the host cluster. Téwtifications come gion of the SED accounted for around 0.1dex of the total flux of
from Beasor & Davieg(2016), Beauchamp et al1994) and Davies et al. the star. Though the SEDs of RSGs are poorly matched by black-
(2009). bodies, tests using the other stars in our sample reveatedhé
error introduced by this procedure was small £0.03dex) com-
ID SpT  log(Lbol/Le) pared to the other sources of error in these stars.
NGC 2100 _ The bolometric corrections at each baB&, were deter-
mined from,
BD1 M6 4.87%0L
BD 3 MO 4.849%% BC, = Mpol — My O
BD7 M2 4.73%0L , _
wherem, is the apparent magnitude at wavelengtltorrected for
NGC 7419 foreground extinction, anth,g is the bolometric apparent magni-
BMD 950 M75 5 250.04 tude of the star as determined above.
: “T=0.04 We note that we haveot corrected for any circumstellar ex-
BMD 435 M15 46299 tinction here. RSGs are well known to have large amountsref ci

cumstellar dust produced in their winds, and that the maskisf
dust increases as the star approachesEsdgor & Davies 2016
BMD139 M1 453%%, Here we are assuming that any flux lost in the optical and IRar-

0.05 bands due to absorption or scattering by the dust is retstlia
BMD921 M0  4.47%% _ P g by .

the mid-IR. Hence, out o measurements are unaffected by cir-

x Per cumstellar extinction, and th8C, values we derive for each star
09 in our sample should include any correction for circumatedlust.
SU Per M3.5 4.9%: : :

0.06 If all RSGs at a certain spectral type are affected by circalias
RS Per M4 4.9259% extinction in a similar way, this should reveal itself in theerage
BC, for that spectral type.

0.04
BMD696 ML5  4.62%%

AD Per M2.5  4.80%%8
V441 Per M2 4.75%
BU Per M4 4.67%97
3 TRENDS BETWEEN EVOLUTIONARY STATE
0.06
Fzper ML 46300 OBSERVED PROPERTIES
V439 Per MO 4.53%%°

3.1 Evolution of spectral type

0.06
v403Per MO 4.41%%

The first trend we remark upon is that of evolutionary state (u-
RSGC2 minosity) with spectral type, which is shown in Fify. We see a
clear trend of the most luminous (and hence most evolved)sSRSG

0.14

b2 M7 512620 having later spectral types. Such a correlation has alréaey

D6 M3.5 5.04%%, noted byNegueruela et a[2013. Three of the four clusters stud-
D3 M5 4.9 41%.12% ied here have_stars with _spectral types M6 or later, with dtesk

: spectral type iny Per being M4. However, the stars W Per and
D18 MO5  4.6677 S Per are part of the larger Per OB1 complex, and so may conceiv
D16 M2 45691 ably have the same age, and both are_known to have sh_ownadpectr
types as late as M5 and M7 respectively. Together with tha dat

D20 ML5 45603 plotted in Fig.1, this leads us to conclude that the spectral type of

D19 M1 4,45:%-'2265 RSGs evolves to later types as the star approaches the dadifef,i
and that the spectral type at SN will be typically around M3-M
The above conclusion is consistent with that found for SN
progenitors which have either pre-explosion detectionmiiiti-
ple bands or stringent upper limits. The progenitor of SNROA
had colours consistent with being an M#&réser etal. 201
while SN2004et was redder than an M@r@ckett et al. 2011
SN2003gd and SN2013ej had colours consistent with M2 su-
pergiants Yan Dyk et al. 2003 Smartt et al. 2004 Fraser et al.
2014, while the recently revised foreground extinction towsard
SN2008bk also implies a late-type progenitor (this woNaund
With all the photometry and spectrophotometry for each cbhr 2017. Other SNe II-P which were thought to have yellow progeni-
lated, we next computed bolometric luminosities. We indéafed tors have since been called into questibtagnd et al. 201p From
between photometry points using a cubic spline in log spacd, SN progenitor evidence alone, one would conclude that TiRfe-
integrated between 0.3 and 2#. For the stars in RSGC1 which  SNe should typically have RSG progenitors with spectraésypf
had photometry missing in th¢ and B bands, we extrapolated the  at least M2, and in most cases significantly later.

the correction for spectral type MO, as well as the corrediio an
M7 star if we take our data and linearly extrapolate the tneitt

spectral type. We have also provided the corrections feettevels
of extinction, analogous to values &f, of 1, 5, and 10 mags.

2.6 Determination of L, and BC,
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Figure 1. The correlation of spectral type with luminosity in four obsed
star clusters. Since the most luminous RSGs in a star clastethe most
evolved, we conclude that the RSGs with the latest spectpa are the
closest to SN.

3.2 Evolution of RSG bolometric corrections

The bolometric corrections in thé, R, | and 2MASSK bands as

a function of spectral type for the stars in our sample arevatio

Fig. 2. In the top left panel where we shdBCy , we see that for a
spectral type of MO th8Cy, assumed by S09 and S15 are consis-
tent with our early M-type stars. Our results are also coestsvith

the BCy of Elias et al.(1985), illustrated by the dotted line. How-
ever, the plot shows that for spectral types later than tetsgied

by Elias et al BCy drops very steeply. The averaB€y for the
two M7.5 stars in our sample is -4; which is 2.7mags below that
adopted by S09/S15. This would mean that for any SN progenito
with a single pre-explosion detection in thieband, the luminosity
would be underestimated by over a factor of 10.

Fortunately, pre-explosion detections are more frequentl
thel-band, and occasionally in tieband (or theiHSTanalogues,
F814W and F606W respectively). For these bands, the ewalofi
BC with spectral type is less aggressive. Nevertheless) foar

data the difference in BC between an MO star and an M7.5 seems

to be of order -2 and -1 mags iR and | respectively. In theK-
band, the trend with spectral type is weak but seems to goein th
opposite direction. This means that for a pre-explosiorat&in
atK, the S09/S15 luminosity estimate would be slightly too high
though only by~0.15dex.

On each panel of Fi2 we also show the BCs dlias et al.
(2985. In the V and K bands, we find results that are consis-
tent with this work to within the errors. However, in tiieband,
and in particular thd band, the systematic differences are large.
As noted earlier, thé-band photometry used by Elias et al. came
from Johnson(1966. When we compared this photometry to that
at other wavelengths for the same stars, Ithmnd seemed to be
anomalously bright by around half a magnitude. We note dlab t
the intrinsic colours and BCs derived Byaser et al(2011) using
MARCS model atmospheres with effective temperatures teiwe
3400-4000K are comparable to our results, with the cavest th
MARCS models notoriously struggle to fit the TiO bands thaheo
inate theV andR bands of RSGdJavies et al. 2018 We therefore
suggest that a problem with the photometric calibrationhef It

The masses of RSG progenitors to SN&

Table 3. Average bolometric corrections for late-type RSGs, asrdeted
from the star with the latest spectral types (M4-M7.5) inthestersy Per,
NGC 7419 and NGC 2100. See text for details.

A BC,

Vy -3.88+ 0.82
Ry -1.83+0.38
Iy 0.25+ 0.15
Ic -0.32+ 0.15
F814wW 0.00+ 0.15
Gunnft -0.49+ 0.15
Ks 3.00+ 0.18

band inJohnson(1966 is the cause of the discrepancy between
our results and those of Elias et al.

To determine the most approprid€, for RSGs late in their
evolution, we take an error-weighted average of the latasirsall
clusters: BD-1in NGC 2100, BMD 95@(MY Cep) in NGC 7419,
and RS Per and BU Per ig Per (both M4). We have decided
against including RSGC2-D2 in this averaging procedurehas t
BCs in this cluster are heavily dependent on not just the tagld
uncertain) foreground extinction, but also the slope ofekgnc-
tion law. In the panels of Fig2, we have shown the results for
RSGC2 using a value &}y = 4.5, rather than the usu&y, = 3.1.
Such a value ofRy is not uncommon for regions in the inner
Galaxy (e.gZasowski et al. 2009 Using the standar®, = 3.1
would cause the RSGC2 points in move downward in Bign the
case of thd-band (bottom left panel) the points would move down
by about a magnitude, and so would be highly discrepant with r
spect to the data from the other clusters. For the purpos#ssof
paper, we show the RSGC2 points only to illustrate that byingak
justifiable assumptions about the extinction law in thad lfi sight
we can make these stars agree with the rest. We exclude thERSG
stars when computing averaB€, values.

In Table3 we compile the average BCs for late-type RSGs for
several band-passes. This list of filter bands includesrakuefi-
nitions of thel-band, where the majority of progenitor detections
are made. Subtle differences in bandwidth, filter profile effielc-
tive wavelength of the differertband filters mean that they cannot
be directly compared to one another, and so colour transfibonms
must be made (see Appendix A).

We note that these values may contain some systematic er-
rors. For example, the poorer sampling of the later spettpas,
caused presumably by the shorter amount of time that starglsp
at these spectral types, may result in the absolute valueed3€Cs
being systematically underestimated. This would ultinyatause
the progenitor masses to be underestimated in the case té@ de
tion in any band shortward df. Since this is the case for the vast
majority of the SNe in our sample, the ultimate consequermddv
be that the upper mass cutdff,; would be underestimated.

4 REAPPRAISAL OF PROGENITOR MASSES

In the previous sections we have shown that RSGs systelihatica
evolve to later spectral types as they approach SN, with a sub
stantial impact on their BCs. With this in mind, we now take a
fresh look at the inferred progenitor masses for all SNe it
explosion detections and/or upper limits.
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Figure 2. Bolometric corrections (BCs) for each of the stars in eaakter. The panels show the BCsWin R, I and K -bands (top-left, top-right, bottom-left,
bottom-right respectively). The grey dashed lines showsB&s adopted by S09 and S15 in each band. The dotted line wigymbols shows the BCs

measured b¥lias et al.(1985, which only go as far as M4.

4.1 Sample

For the sample of objects, we begin with those events list&DP
and S15. The mass-spectrum of II-P/II-L progenitors was dies
fined in S09, but some of the terminal luminosities (and toeee
initial masses) of individual events were revised in S15 tiglilag
in an ad-hoc level of circumstellar extinction. S15 alsoeatidev-
eral events that had occurred in the intervening years.ddritated
otherwise in Sect4.1.1 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 detectian, w
have revised the estimate of the terminal luminosity assgnai
spectral type of M4-M7, as discussed in S8c2and listed in Table
3. For certain events, information from multiple bands alavs to
place constraints the terminal colour of the progenitor.nafe not
revised the pre-explosion luminosity for SN2009md, wherstim
band detections have already tightly constrained the calbthe
progenitor. Other events have single-band detections ygper-
limits in other bands which can constrain the terminal spétgpe
(e.g. SN2013ej). Below we describe the state of the obsengafor
each SN in the sample where the observed quantities haveipeen
dated since S09/S15, and our assumptions which lead torptoge
mass estimates for these objects. Where possible, therdoied)
reddening has been updated to that estimated from the sobdur

the progenitor’s neighbouring starMéund et al. 2014aMaund
2017). Objects for which we use the same distance modu|iex-
tinction, and progenitor photometry as S09/S15 are noudiszd.
The observed quantities, and inferred pre-explosion losities
and initial masses are listed in Talde

4.1.1 Notes on individual objects

SN2003gd —Late-time/pre-explosion difference imaging was used
to constrain the progenitor's pre-SN brightness tontgg14w =
24.90 + 0.04 (Maund et al. 2014a Detections in two bluer bands
constrain the pre-SN spectral type to be M3 or eartnértt et al.
2004 Maund et al. 2014a We have assumed a spectral-type of
M3, with BCrg14w = 0.10 + 0.15, using our results from Fi@
and Fig.A1. Maund et al(20143 estimated the foreground extinc-
tion to this object using the colours of the neighbouringssta be
E(B-V)=0.14+0.04, henceAy = 0.45 + 0.19 using the extinction
law of Sect2.5.

SN2004A —This progenitor was detected in a pre-explosion
WFPC2 F814W image, but not detected in F608Waund et al.
(20149 used late-time/pre-explosion imaging to refine the pre-
explosion brightness to b@ggi4w = 24.36:0.12. The estimated
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Table 4. The SNe in our sample, along with their adopted distance ihqgale-explosion brightnesses and bandpass, extingtiadspted BCs, inferred
luminosities and initial masses. See text for details.

id M my A A BC) log(L/Lo)  Minit/Mo

SN1999an  31.340.08 >24.70 F606W  0.280.13 -1.830.38 <5.407011  <21.932
SN1999br  30.7%0.18 >24.90 F606W  0.040.04 -1.830.38 <4.98012 <14.118
SN1999em  30.340.09 >23.00 Ic 0.16£0.08 -0.32:0.15 <5.02:0-06 14 7409
SN1999gi  30.080.08 >24.90 F606W  0.480.11 -1.830.38 <4.850-10 17820
SN2001du  31.3%0.07 >24.25 F814W 0.260.14 0.0&:0.15 <4.82°007  <11.412
SN2002hh  28.880.07 >22.80 i’ 2.60:0.10 -0.420.15 <5.55'0-06 26 316
SN2003gd  29.840.19 24.08:0.04 F814W 0.220.07 0.1@:0.15  4.280.09 6.4%5

SN2004A  31.540.17 24.36:0.12 F814W 0.340.10 0.0&:0.15  4.96-0.10 12.7%%
SN2004dg  31.540.13 >25.00 F814W 0.480.05 0.0@:0.15 <4.66907 < 95+0.7
SN2004et  28.850.07 22.06:0.12 Iy 0.64:0.05 0.250.15  4.7%0.07 10.79%
SN2005cs  29.620.12 23.62:0.07 F814W 0.220.03 0.05:0.15  4.380.07 7.19%

SN2006bc  30.840.18 >24.45 F814W 0.340.00 0.0&0.15 <4.59008  .gg08
SN2006my 31.740.12 24.86:0.13 F814W 0.830.42 0.0@0.15 4.9%0.18  13.9%%
SN2006ov  30.580.19 >24.20 F814W  0.120.04 0.0&0.15 <4.47008 7807
SN2007aa  31.560.13 >24.44 F814W 0.080.00 0.08:0.15 <4.76006  <10.608
SN2008bk  27.980.13  18.33:0.03 K 0.03:0.01 3.0&0.18  4.530.07 8.39¢

SN2008cn  32.640.10 25.13:0.09 F814W 0.540.06 0.0&:0.15  5.16:0.07 15.9%3
SN2009hd  29.860.08 23.54:0.14 F814W 2.040.08 0.0&:0.15  5.24:0.08 18.31¢
SN2009kr  32.020.50 24.7%0.23 F555W 0.3%0.03 -0.3&:0.20 5.130.23 16.4%5
SN2009md  31.640.21 - multi - - 452020  8.0%%

SN2012A  29.960.15 20.23:0.13 K 0.080.00 3.0&0.18  4.5%0.09 8.6%%

SN2012aw  29.960.02 19.56:0.29 K 0.16:0.02 3.0&0.18  4.92:0.12 13.0%9
SN2012ec  31.180.10 23.3%:0.08 F814W 0.360.10 0.0&:0.15  5.16:0.07 16.814
SN2013ej  29.8@0.11 22.65%0.05 F814W 0.240.03 0.4@:0.20  4.6%:0.07 0.g98

foreground extinction iAy = 0.64 + 0.19 (Maund 2017, which imply a foreground extinction oAy = 0.54 + 0.06 (Arg14w =
corresponds té\rg14yw = 0.34+0.10 when adopting the extinction  0.27 + 0.03). We adopt the BC of an M4 RSG.
law of Sect2.5.

SN2006my —Though there had previously been disagreement in
the literature as to whether the pre-explosion source weetel,
Maund et al. (20148 used difference-imaging to constrain the
pre-explosion brightness to erg4n~24.86:0.13, and inferred

a reddening from the neighbouring staE¢B — V)=0.49:0.25
(AF814W= 0.81+ 042)

SN2004et —There has been some disagreement in the literature
about the progenitor to this SN (see S09 for discussion)his t
analysis we follow the results @rockett et al(2011), who argue
that the progenitor star is that detected awvith useful upper limits
in BV Rthat confine the spectral type to M4 or later. Tihdlux
was converted to the Johnsbrby S09. We adopt the foreground
extinction of Ay = 1.2 + 0.1 (A; = 0.64+ 0.05), and the B¢ for SN2008bk — The pre-explosion photometry for this progenitor in-
a late-type RSG. cludes detections in several bands from the optical to the-ie
Further, late-time imaging of the SN site Maund et al.(2014h
confirms the progenitor is gone, and allows for precise wéfidal
SN2005cs -Maund et al(2009 present a multi-wavelength study  photometry in each of the detection bands. By modelling 8B,S
of this progenitor in thdBVRIJHKbands. Unfortunately, the only  these authors were able to place estimates on the pre-explas
detection is in thel-band, with the upper limits in the other  minosity (and hence progenitor initial mass), though witemn in-
bands constraining the spectral type to within K5-N¥aund et al. dependent estimate of the foreground extinction there vaggan-
(20144 use difference imaging to tune-up the measured progenitor eracy between initial mass afi{B — V). Maund(2017) modelled
brightness, findingnrg140~23.62:0.07. The neighbouring stars  the surrounding population and measured this foregroutideex
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tion to be much lower than had previously been accounted for —
Ay = 0.28 + 0.10, whereas the estimate Maund et al.(2014H

was almostx 10 higher. This new extinction estimate therefore im-
plies a much redder progenitor than previously thought.

To estimate the pre-explosion luminosity, we have taken the
Ks-band difference-image brightnessmj ¢ = 18.39+ 0.03, and
applied the extinction frorMaund(2017) scaled via our extinction
law to theK-band,Agx = 0.03 + 0.01, and used th&-band BC.

We note that if aK-band pre-explosion detection exists, the rela-
tive insensitivity of the flux at this wavelength BCx means that
accurate luminosities can be estimated without the neechémi-
elling the SED (sedDavies et al. 2013for a demonstration of this
using SN2008bk as an example). With the updated extinctfon o
Maund (2017, we now find a somewhat lower progenitor mass for
this object (g vs 11-1M ).

SN2008cn —This SN was not included in the S15 sample. Follow-
ing Elias-Rosa et al(2009, we adopt the cepheid distance mod-
ulus of u = 32.61+ 0.10mag Newman et al. 1999 and a fore-
ground extinction of£(B — V)=0.35:0.04 which was determined
from the equivalent width of the NaD lines in the SN spectrum.
Maund et al.(2015 measuranggy 4w = 25.13+ 0.09 from differ-
ence imaging, though they remark that the pre-explosiomcsou
may be a blend of two or more stars, in which case this would
be an upper limit. For our analysis we have assumed that the pr
explosion flux comes entirely from the progenitor.

SN2009kr — The detection of this SN’s progenitor in the F555W
and F814W bands led to the conclusion that it was a yellowrsupe
giant, with aV — | colour consistent with mid-G typé-(aser et al.
2010. Assuming foreground extinction from the Milky Way only
(Ay = 0.242), these authors determined a pre-explosion luminos-
ity of log(L/Lo=5.1+ 0.24 (and hencé/ = 15’:54M®). The error

on this value is dominated by that on the distance to the ladakyg

Maund et al (2015 re-analysed the progenitor by comparing
late-time and pre-explosion imaging. They claimed that ghe
explosion source is in fact a cluster, age analysis of whielly a
progenitor mass estimate between 12v25.

In this work, we have adopted the luminosity estimate of
Fraser et al(2010. However, we note that the mass constraints of
Maund et al(2015 are very similar. This means that the impact on
the inferred upper limit to the progenitor mass distribatie only
very minor, regardless of whether the Maund or Fraser piitgen
information is used (see Sedt3).

SN2009hd —This SN was originally studied iilias-Rosa et al.
(2011). A progenitor candidate was detected at the SN site in the
F814W WFPC2 image, with a brightness mfgiaw = 23.54 +
0.14, though the authors note that this is close to their ecadiy-
derived detection limit. No progenitor candidate is degtdcht
F555W, and the upper limit places no useful constraint orptbe
genitor's colour. The authors estimate the progenitor hawity

L by taking the F555W upper limit, correcting for a large fore-
ground extinction ofAy, = 3.80 + 0.14, obtained from analysis

of the SN spectrum, and assume a BC appropriate for an early K

supergiant of -0.29mag.

In our analysis, we take the F814W detection, correct for the
same extinction scaled to the F814W passbafg{syw = 2.04 +
0.08), and assume a late-type RSG progenitor. This resultstib-a
stantial increase in the stat’sj,, going from logL/Lg) = 5.04 to
5.30+ 0.08.

SN2009md —Progenitor detections in the HST filters F606W and
F814W are presented Fraser et al(2011), and the pre-explosion
colour implies a spectral type of M4, consistent with ourliear
conclusions that RSGs explode with late spectral types.ddew
Maund et al.(2015 find that the brightness of the source at the
SN location in late-time images is roughly the same as that in
the pre-explosion images., calling into question the agsiohs of
Fraser et al(2011).

For the purposes of this work we have adoptedrteser et al.
(2011 pre-explosion brightness at F814W, with the BC appropri-
ate for a late-type RSG, with the foreground extinction frtra
stars local to the SN sitdéfaund 2017. Though questions still per-
sist over the nature of this progenitor, we note that eveh tie
measurements of Fraser et al. the inferred progenitor nsassvi
(~8Mg), so the impact of this object on the inferred upper mass
cutoff is minimal.

SN2012A —This SN has a single-band detection of the progenitor
in a Gemini/GNIRSK’-band image Tomasella et al. 2093 We
adopt the same distance and foreground extinction as thésers,

the latter derived from the NiaD lines in the SN spectrum. With no
colour information on the progenitor, we again assume atjgie
RSG.

SN2012aw —The progenitor mass of this object has been subjected
to scrutiny by several authors in the literature. The oagiesti-
mates byFraser et al(2012 andVan Dyk et al.(2012 suggested
mass-ranges of 14-®6, and 15-20 , respectively. Both studies
included a substantial amount of circumstellar extinciionheir
analysis. Howeverkochanek et al(2012 argued that the reduc-
tion in the optical flux from this extinction was overestimatsince
circumstellar dust can scatter photango the line-of-sight as well
as out of it, and revised the progenitor mass dows tbM . The
mass of the progenitor was revisited Byaser(2016), using late-
time imaging to perform accurate differential photometegvieen
pre- and post-explosion. Detections were foundHK, which led
to an inferred pre-explosion luminosity of ldg{L o=4.8-5.0, con-
sistent with Kochanek et al.

By usingempirical bolometric corrections, we should be im-
mune to the specifics of how efficient circumstellar dust isdin-
guishing optical light, since we are compariolgservedohotome-
try with observeduminosities. Also, by using th&-band detec-
tion, the luminosity estimate is largely insensitive to cp&l type
(see Fig.2). We adopt the extinction derived from the colours of
the stars local to the SN site @, = 1.37 + 0.2 (Maund 2017,
and find a progenitor mass consistent with thakathanek et al.
(2012 andFraser(2016 (13+2M g, see Tablel).

SN2012ec -The progenitor had a detection in the F814W filter
and a useful upper limit at F555W, which limited the spedypk

to be later than-KO (Maund et al. 2018 We again assume a late-
type RSG progenitor, and the extinctionfaund (2017 (Ay
0.72+0.2).

SN2013ej —This object was detected in F555W and F814W, with
its terminal colour indicating a spectral type of MBréser et al.
2014. We adopt a BC appropriate for this spectral type based on
our results in Sect3.2 of BC;=0.4+0.2, and the extinction mea-
sured from the neighbouring stellar populationfgf = 0.45+0.06
(Maund 2017.
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Figure 4. Results from the MC analysis of the luminosity distribusoof
Minil/MG) the progenitor stars. The left panel uses the luminositia® fS09, and the
centre panel from S15. The right panel uses bolometric losiiies derived

from our empirically-motivated BCs.
Figure 3. Comparison of the progenitor masses derived in this study wi
those from S15.

oohdf-" T T T T T
12ec
09kr
4.2 Comparison with previous mass estimates 08en
99em

Our updates to the progenitor masses are listed in the fihaico Ozi:’y’

of Table4. These are compared with the masses estimated in S15 1540

Fig. 3. On average, the progenitor masses have increased with re- S:A
spect to S15. For many objects, the change in mass is small, as3 o1

itor

the updated BCs in this work are somewhat cancelled out by the £ ot

ad hoc inclusion ofAy, = 0.5mag of circumstellar extinction in 5 017;;

S15. The objects with pre-explosion detectionKinSN2012A, 04dg

SN2012aw) have all moved to slightly lowkf, due to the larger oo

positive BC at this wavelength, while SN2008bk has changeed d 08bk

matically due to the downward revision in its foregroundirod O(fgs

tion. The objects with notable increases in progenitor nass 05¢s

SN2006my, SN2012ec and SN2009hd. In the latter two SNegthes ~ ®C &1, 0 o 0 0 00 00 00 v 0
shifts are due not just to the change in BC, but also to the fore 5 10 15 20 25 30

ground extinction being revised upwards from analysis efitical MindMo

stellar population. In the case of SN2009hd, the shift ttvéigro-
genitor mass is due to the large change in BC compared to that

. Figure 5. The cumulative mass function of the SN progenitors, using
assumed b¥lias-Rosa et al2011).

masses inferred from our updated BCs and the extinctiomatds of

Maund (2017). The solid blue line is the best-fit, the red/orange/yellow

. . L shaded regions denote all solutions within 1{2/&spectively. The dashed

4.3 Estimating the upper and lower mass limits to the line is the mass function assuming a Salpeter IMF and an uppss limit
progenitor distribution of 30M .

The conversion of pre-explosion photometry to bolometuimit
nosity, and ultimately to initial mass, involves the condiion of
errors which can be non-Gaussian, non-linear, and asyrunktr pling from a Gaussian distribution, but with a cutoff at zeince

is non-trivial to propagate these errors in an analytic Weés'there- negative extinctions are unphysical. The extinction atdéeected
fore opt to fit the mass spectrum of the progenitors using att4on  waveband has been determined using reddening measureiments
Carlo (MC) method, which we now describe. the literature and our extinction law described in SB&. The ab-
For each MC trial, we begin by sampling the pre-explosion solute magnitude is then converted to a bolometric mageitud
photometry of each progenitor from a Gaussian distributimtred samplingBC, from a uniform (flat) distribution between the limits
on the measured magnitudeg, with a 1o width defined by the er- in column 6 in Tabled. We opt for a flat distribution that defines a

ror onm, quoted in the relevant paper. This is converted to an abso- range of allowed BC values, rather than Gaussian distabuwtiith
lute magnitude by sampling the distance modulus from a Gauss amean and a variance, since the latter better reflects oartaimty
distribution. We correct for foreground extinction by agaiam- on the precise value of BC to use. The bolometric magituderis c
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verted to a bolometric luminosity assuming an absolute ribade
of the Sun of 4.74 mag.

The final step is to convert the pre-explosion bolometricitum
nosity to an initial mass. To do this, we use the exact samestaod

termining the regions which contained 68%, 95% and 99.7% of
the trial results. We find that the lower mass limit is tightign-
strained atM,=7.5"%3Mo. The best-fitting upper mass limit is
Mhi=19.0*23 M. The 95% confidence limit islyi< 27Mo . This

as those employed in S09 and S15, specifically the STARS mod- js somewhat higher than the S15 valuevii=16.5:2.5M o, while

els Eldridge et al. 2008 which describe the relationship between
initial mass and the luminosity of the star (hereafter thessna
luminosity relation, or MLR) at the beginning of Ne burnirajter
which the star only has a matter of weeks to %ivAt this evolu-
tionary phase the stars can have systematically highenhstities
than at the end of He or C burning, where most published evolu-

tionary tracks end. Since the published MLR stops at a mass of

25M g, for luminosities higher than this limit we extrapolate the
mass from a linear fit between log( and log(), specifically
log(M/Mg = -1.2417+ 0.47868log(/Lo). This fit describes
the MLR to within 0.3 ¢ between the limits of Bl to 25M ),
but clearly there is a potential source of systematic errdigher
extrapolated masses.

For progenitors with only upper limits to their pre-explsi
brightness, we take the quoted- Sletection limit on the photom-
etry, and for each trial convert this into upper limits on thmi-
nosity and initial mass following the same procedure as ith
detections. This means that in our analysis the upper lihdte
an effective probability distribution function which isitynevery-
where below the upper limit, with a Gaussian-like tail abive

In each MC trial, the above step is repeated for each progen-
itor. The masses and the upper limits are then sorted inasorg
order, and fit with the following function which determinéetini-
tial massM,, of thenth progenitor,

1

ARV TS “
& = %Iog(n/N+ ML) (3)
M, = 10° 4

using the IDL y2 minimisation routinecur vef i t . The parame-
terT is the slope of the initial mass function, and is fixed at -2.35
The parametertl,, and My,; are the upper and lower mass limits
for the progenitor distribution respectively, and are\atd to be
free. Each MC trial produces values M, and My,;. The progeni-
tors with upper limits are not explicitly fitted — we fit only those
values ofn that have a detection. The information carried by the
upper limits is therefore the following: they tell us thatargiven
trial, for thenth SN with progenitor mashl,,, there arerf-1) SNe
with lower progenitor masses. Since there is no diagnostiepin
any upper limit greater than the highest mass detectiomyirirzal
where this is the case these high upper limits are excluadex fihe
fit. We ran 18 trials, and binned the values ®,, and My, in a
two-dimensional histogram.

The results of this analysis are shown in Fg.The best-fit
values ofM), and My,; are found by compiling histograms of their
best-fit values in each trial, and linearly interpolating fhoint at
which the derivatives of these histograms goes to zeror Emae-
tours analogous to 1, 2 andd uncertainties were found by de-

2 The sensitivity of our results to the MLR are explored in Sé@.3 Also,
we note that the MLRs we explore are valid only for singlestand do not
apply to stars with a history of interaction with a companion

3 In principle we could also allow to be a variable, however the fitted
value ofl" has no effect on the parameter we are most interested in,

our 95% confidence limit is substantially higher than thaitgd by
S15 (2M ). We note that, if we use the S15 luminosities, we also
recover the sambl,; as S15, but with a slightly higher 95% con-
fidence limit of 2M 5. Finally, we add that we recover the same
values ofMy,; and Mg to within the errors whether or not the upper
limits are included in the fit.

To provide an illustration of our result and our error masgin
in Fig. 5 we plot a cumulative IMF using the SNe in our sample.
The error bars on the progenitor mass of each SN represeé®¥e
confidence limits from the MC trials. The progenitors areeved!
in increasing mass, and the black solid line shows the IMmh wit
our best-fittingM,g and My,;. The dashed line shows the IMF for
the sameM), but an upper mass cutoff of 80;. What the plot
illustrates is that, though the best fili is still lower than the 25-
30M  expected from theory, the significance of this disagreement
is, at best, 2.5.

4.3.1 The sensitivity of Mon the few high-mass progenitors

What Fig.5 also helps to demonstrate is the sensitiwty; on the
small number of progenitors with large masses. The exaoeveafl
Mhi is strongly influenced by the most massive object in the sam-
ple. Meanwhile, the error oMy, is largely governed by the errors
on the masses of thes most massive objects. For example, if late-
time imaging of SN2009hd were to reveal that the putativgene
itor was still there, and that this object was either remdvenh the
sample or had its mass revised substantially downwarddebe
fit value of Mp; would move closer 18l — the mass of the next
most massive object in the sample (SN2012ec). Howevertbe e
on My would still be large, as the size of this error is driven mostl
by the relatively large errors on SN2009kr and SN2006my. df w
follow Maund et al (2015 and say that, rather than having a YSG
progenitor, the progenitor of SN2009kr was a star in an wivesl
cluster, and use the age estimates of this cluster to camsha
progenitor mass, the similarly of the permitted mass ranghat
inferred for the YSG progenitor bijraser et al(2010 means that
the effects oMy, and its error are minimal. If SN2009kr was re-
moved from the sample altogether, the error\dy would remain
roughly the same due to the similarly large error on the pnoge
tor mass of SN2006my. The only way to substantially reduee th
error onMy,; is to remove SN2009kr and SN2006my from the sam-
ple. If we do remove these two SN, stays the same to within
0.5M @, but the 95% confidence limit reduces to\24,. However,
the tension with theory remains weak 80-).

To summarise, the only way to reduce the best-fit value of
Mpi is to remove or revise downwards the progenitor mass of
SN2009hd. The only way to reduce the errorM is to disregard
the SNe SN2009kr and SN2006my. In the future, when the number
of SNe with progenitor detections is much larger, excludirgdat-
apoints with large errors may be an effective way to redueesth
rors on the limits to the mass distribution. However, with turrent
sample size of progenitor detections standing at just B¢adding
data-points based on their error bars may introduce signifisys-
tematic errors. For example, the most massive progenitasld
have shorter lifetimes, and hence be more likely to explode
gions of high stellar density. As such, the higher mass pribgies
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Figure 6. The average measured upper mass limit as a function of sample Figure 7. A comparison of the masses from our study with those derived

size (blue line) for an intrinsic upper mass limit of Xl,. The shaded
region shows thed dispersion on this average. The data point is the result
from this study.

may be more likely to have larger error bars on their pre-@siph
brightness, and ultimately their mass. If this were the cdiseard-
ing points with large errors would skeM,; to lower masses.

4.3.2 The effect of a finite sample size

As already mentioned in the previous Section, the upper firais
inferred is strongly dependent on the most massive objetitén
sample. For a very large sample, the mass of the most magsive o
ject will be very close to the true upper mass limit, and soithe
ferred upper mass limit will be close to the true value. Hosvev
as we are sampling from a distribution with a steep negativeep
law, as one decreases the size of the sample the likeliha@ddht
most massive object in the sample will be close to the trueupp
mass limit decreases. This means that, in a finite samplewdhe
always systematically underestimate the upper mass cataffthis
systematic error will be larger for smaller sample sizes.

To understand the nature of this systematic error we have per
formed a simple numerical experiment. We randomly gendrate
sample of masses of sizZ€ drawn from an IMF-like distribution
with a fixed upper and lower mass limit. We then performed the
same analysis as described above to determinelibervednass
limits. For each size of sample, we repeated the experim@ht 1
times to determine the most likely value for that sample agzeell
as the dispersion. The results are shown in Eigroadly, the plot
shows what one would expect: that the inferred upper massi$im
always below the true upper mass limit, and that this eftetzrger
for smallerN. The datapoint on the plot shows our measurement
from the previous section; a sample size of 14 detectionsaria-
ferredMpj=19M . The result of this experiment suggests then that
our small sample induces a systematic erroiy of 2M g, and
that the most likely true upper mass limit isM% .

from estimates of the O abundance in the ejecta from late-tmebular’
spectroscopy.

4.3.3 The impact of uncertainties in the mass-luminosistien

The adopted MLR is a vital component in the conversion of the
pre-explosion luminosity into an initial stellar mass. hetwork
presented here, up to now we have used the same MLR as used by
S09/S15. By keeping as many components as possible the game b
tween our work and S09/S15, we have been able to study thetmpa
on My of more realistic BCs and foreground extinctions. However,
the choice of MLR also represents a major source of systemati
error, as we will now show.

In stellar evolution models, internal mixing processes —
whether due to rotation, convection, semi-convection, avec-
tive overshooting — alter the chemical composition of theeco
and ultimately impact the star’s luminosity in the post-M&apes.

As shown byJerkstrand et al(2014) in their Fig. 5, the differ-
ence between the pre-SN MLR of three competing evolution-
ary codes (specifically the STARS models used here, the @Genev
models of Ekstrom et al.(2012, and the KEPLER models of
Woosley & Hege(2007) can be as large as 20% in terms of mass.
That is, a luminosity of log(/Ls) = 5.35 would imply a 20/ ¢
progenitor according to STARS, but would be a24 according

to KEPLER.

To quantitatively investigate the impact of the choice of RIL
on My, we re-ran our analysis using the MLR of KEPLER (shown
in Fig. 5 of Jerkstrand et al. 20)4While the lower mass cutoff
moves only slightly toM;,=8.7"36 Mg, the upper mass cutoff
moves up taVlyi=24.233 Mo, with a 95% confidence upper limit
of 32M . What this clearly shows is that, once uncertainties in the
MLR are taken into account, the evidence for a disagreement b
tween observation and theory over the valuevy§ has very low
statistical significance.
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4.3.4 Comparison with progenitor mass estimates from tiate-
nebular spectra

In this Section we compare our progenitor masses with those i
ferred from analysis of [@ lines in late-time spectra. These lines
have been used to estimate the mass of O in the ejecta whath its
is thought to be sensitive to the initial mass of the progenBy
making model predictions about the flux in the optical][llhes as

a function of time since explosion, a progenitor mass may the
estimated Jerkstrand et al. 2012015).

Such mass estimates in the literature tend to merely place up
per and lower limits based on which models can be ruled out. To
get more accurate mass estimates, we have taken then©flux
measurements for a sample of SNe, and compared them guantita
tively to the model predictions. The observations and noded
taken fromValenti et al.(2016), and include observations of five
SNe common with the sample in our current work. We first took
the models, which predict the [Pas a function of time for a range
of initial progenitor masses, and interpolated them ontoex fyrid
in mass. For each SN in the sample, we computedythat each
interpolated progenitor mass,

5]

where ftObs is the observed [0 line-fluxes as a function of timg
f,’“Od is the model line-flux at the same time at a progenitor mass
m, ando-PSis the observational error offPS. The best fitting pro-
genitor massMinit nep Was found by first taking the derivative of
the y2 with respect tan, and interpolating to where it crosses zero.
The 1o upper and lower error bars were found from the minimum
and maximum masses that hgd < y2. +2.3.

The comparison of the two sets of mass estimates are shown
in Fig. 7. The SNe included are SN2004et, SN2005cs, SN2012A,
SN2012aw, SN2012ec, and we have also included SN1999em
which has an upper limit measurement. It is immediately obsi
that there is a lack of correlation between the two indepeniehass
estimates. What is also clear is that, while the distributibmasses
estimated from pre-explosion imaging seems to vaguelgvothe
IMF, the ‘nebular’ mass estimatediyit nep S€€EM to be strongly
peaked at14M . Indeed, the average Minit nep = 14.1+1.5M .
Assuming that the sample of SNe willh,it nep €stimates is unbi-
ased, which would seem to be the case based oNltheestimates,
this raises some doubts about the accuracy ofMk@ nen Since
the likelihood of have not yet observed a progenitor with @&sna
< 12M out of 6 objects studied is verp(< 0.06).

At present we do not have an explanation for the initial masse
from nebular analyses clustering aroundvii4. We speculate two
possible solutions:

obs mod
Xz _ ft - ft

e (5)

e the [O] line fluxes from progenitors with initial masses lower
than the current lowest mass model K12) converge to similar
values, meaning that the lower limit error bars Mt nep in Fig.

7 are currently underestimated.

e the high sensitivity of the [@ line fluxes to temperature (as

described inJerkstrand 201)7 combined with a systematic error in

5 SUMMARY & CONCLUSIONS

We have studied the trend of spectral type and bolometrie cor
rection (BC) as a function of evolution among Red Supergiant
(RSGs), using resolved young star clusters. We have useceeour
sults to take a fresh look at the inferred progenitor massesarby
type-Il supernovae (SNe). Our main findings are as follows:

e \We have shown that RSGs close to SN have much larger ab-
solute BCs than is typically assumed when estimating stalla
tial masses of those RSGs identified as SN progenitors fram pr
explosion imaging.

e \We have taken the BCs appropriate for RSGs close to SN and
reappraised the initial masses of the progenitors to all\Bitepre-
explosion imaging. We have also incorporated updated aggsrof
the foreground extinction, where possible. We find that,nfiamny
of the progenitors, their initial masses are higher tharehzsen
previously reported in the literature.

¢ Inreanalysing the mass distribution of the progenitorsfime
that it is consistent with a standard initial mass functioithvan
upper-mass cutoff oMp;=19M g, with a 95% upper confidence
limit of <27Mg.

e \We have investigated two major sources of systematic error o
Mhi, specifically those of finite sample size effects and of uader
ties in the pre-SN mass-luminosity relation. These effactount
for systematic shifts inMy; of +2M o and +4M respectively.
Taken together, these effects may sMff; upwards to 2M s (95%
confidence limit 0f<33M ).

e We therefore conclude that there is no strong statisticial ev
dence for ‘missing’ SN progenitors with initial masses7M ¢ . as
has been previously claimed.
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Figure Al. The colours for converting betwedhband fluxes on differ-
ent photometric systems — Johnsen{; ), Cousins € I¢), HST-WFPC2
(=F814W), and INT/WFC £ Gunnf) — as a function of RSG spectral
type. The solid lines are 2nd-order polynomial fits to alladpbints. The
different plotting symbols indicate the host galaxy of eatdr.

APPENDIX A: CONVERSION BETWEEN [|-BAND
FLUXES OF DIFFERENT PHOTOMETRIC SYSTEMS

Each photometric system defines its bandpasses differdritiy
can be particularly problematic when dealing with RSGs mlth
band due to the presence of a strong TiO absorption feattne. T
various common photometric systems sample this featuferdif
ently, resulting in non-negligible colour corrections ttmaust be
applied when comparing e.g. Johnson with Coustbgand magni-
tudes. This then has important ramifications for the BCs thea
photometric system, and as such is an important considarati
when attempting to estimate terminal luminosities for Shigemni-
tors.

To measure the RSG colour corrections between the differ-
ent species ofi-band filter as a function of spectral type, we
have assembled a sample of spectrophotometric data fobyhear
RSGs. These data come from XSHOOTER, and are taken from the
XSHOOTER library (XSL,Chen et al. 2014, all M supergiants in
their database), and froDavies et al(2013 , K/M supergiants).
The data consists of stars from the Galaxy, the LMC, and th€ SM
We have not corrected for any foreground reddening, sincexwe
pect the visual extinctions to be smafl{ mag) and so any effect
on the relative fluxes in the various incarnationsl dfand filter
should be negligible.

For each star in the sample, we first re-derive the spegtpal-t
from the strength of the TiO absorption feature at 7000A sT&i
important as RSGs are well-known to be spectrally variadsege-
cially those with later average subtypes. We then deterrsyme
thetic photometry for the each of theband filters relevant for this
study: Johnson, Cousins, F814W (HST-WFPC2), and GunmiSloa
(INT-WFC).

In Fig. A1 we plot the results in the form of the difference
between Johnsoh (hereafter ;) and the various othdrbands as
a function of spectral type (where 0=MO0, 2=M2, -2=K3). We see
that these colour corrections are non-negligible, and astamg
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Table Al. The colour correction between different filter systems folib-
7 supergiant.

Colour name Colour (mag)

Iy —Ic -0.57
1; — F814w -0.25
Iy —Gunnt -0.74

function of spectral type. For the purposes of this papeatwre

are most interested in is the difference in colour betweernvtr-
ious bandpasses for late-type RSGs. To determine thesarsplo
we have used a 2nd-order polynomial to extrapolate the véder
trends to a spectral type of M7. We have then defined the agerag
late-type correction to be the average of the extrapolatédyyde
and the latest observed type from the M5 star in our samples@ h
correction factors are listed in Tabid.

This paper has been typeset fromgX/MATEX file prepared by the author.
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