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A B S T R A C T 

We compile a catalogue of 578 highly probable and 62 likely red supergiants (RSGs) of the Milky Way, which represents the 
largest list of Galactic RSG candidates designed for continuous follow-up efforts to date. We match distances measured by 

Gaia DR3, 2MASS photometry, and a 3D Galactic dust map to obtain luminous bright late-type stars. Determining the stars’ 
bolometric luminosities and ef fecti ve temperatures, we compare to Gene v a stellar e volution tracks to determine likely RSG 

candidates, and quantify contamination using a catalogue of Galactic AGB in the same luminosity-temperature space. We add 

details for common or interesting characteristics of RSG, such as multistar system membership, variability, and classification as 
a runaway. As potential future core-collapse supernova progenitors, we study the ability of the catalogue to inform the Supernova 
Early Warning System (SNEWS) coincidence network made to automate pointing, and show that for 3D position estimates made 
possible by neutrinos, the number of progenitor candidates can be significantly reduced, improving our ability to observe the 
progenitor pre-explosion and the early phases of core-collapse supernovae. 

Key words: astroparticle physics – catalogues – stars: late-type – (stars:) supergiants – transients: supernovae. 
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 I N T RO D U C T I O N  

ed Supergiants (RSGs) are one of the last evolutionary stages of
assive stars, and have been directly linked to Type-IIP/L supernovae

SNe) through matching SN locations with archi v al pre-explosion
mages (Smartt et al. 2004 , 2009 ; Li et al. 2007 ; Van Dyk et al. 2012 ,
017 ; Smartt 2015 ; Beasor & Davies 2017 ; Davies & Beasor 2020 );
 comprehensive summary of can be found in Smartt ( 2015 ) and
an Dyk ( 2017 ). The connection between RSGs and core-collapse
upernovae (CCSNe) links two stellar phases between a hugely dis-
uptiv e e xplosion, which enables studies of stellar evolution as well
s the mechanisms that cause CCSN. Furthermore, as progenitors
f SNe, RSG properties impact the formation of stellar mass black
oles and neutron stars, themselves sources of gravitational waves
hrough possible eventual mergers. 

The next Galactic CCSN will represent a once-in-a-generation
pportunity to study important progenitor-SN connections in un-
recedented detail. Such CCSNe are rare, but they allow us to
tudy neutrinos (e.g. Scholberg 2012 ), gravitational waves (GW;
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.g. Ott 2009 ; Kotake 2013 ), and nuclear gamma rays (e.g. Gehrels,
eventhal & MacCallum 1987 ; Horiuchi & Beacom 2010 ). These
bserv ables allo w us to probe far more completely inside the stellar
hotosphere. The neutrinos are key since they are emitted from
he proto-neutron star deep within the progenitor. They are also
mitted before the SN starts and the neutrinos can be used to
oint to the location in the sky with an error circle of a few to
en degrees (Beacom & Vogel 1999 ; Bueno, Gil-Botella & Rubbia
003 ; Tom ̀as et al. 2003 ; Mukhopadhyay et al. 2020 ). These make
eutrinos ideal as an early warning trigger for the SN and is the
ackbone of multimessenger observation strategies for CCSNe.
n addition, the final stage of Si burning in massive stars emits
eutrinos with ∼5 × 10 50 erg (Arnett et al. 1989 ), which can be
etected for progenitors within a few kpcs (Odrzywolek, Misiaszek &
utschera 2004 ; Asakura et al. 2016 ; Kharusi et al. 2021 ), acting as

nother layer of early trigger. Various aspects, including predictions,
mplementations, and detectability of the multimessenger signals
f Galactic and nearby CCSNe have been explored over the years
Adams et al. 2013 ; Nakamura et al. 2016 ; Kharusi et al. 2021 ). 

To most ef fecti vely capture this opportunity, awareness of the
roperties and spatial distributions of RSGs is crucial. With such
nowledge, the rapid identification of the SN progenitor would 
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Table 1. Progression of sample size moving through steps building up to 
calculations of bolometric luminosity. 

Cuts Compilation based Gaia based 1 

Bright late-type stars 2051 ∼ 2 . 2 × 10 7 

K or M spectral type 2 2051 3499 
Matches in Gaia 2046 3499 
Distance cut 1480 3425 
Cross matches in 2MASS 1421 3410 
Final RSGs 3 555 38 

Notes. 1 Includes contributions from DR2 and DR3 
2 This step only applies to the Gaia based method 
3 Includes 15 duplicates between the two methods 
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ecome more realistic, e.g. mirroring the strategies in the gravita- 
ional wave community with lists of galaxies for follow-up searches 
White, Daw & Dhillon 2011 ; and more recently D ́alya et al. 2018 ).
he ef fecti ve use of a pre-compiled target list would allo w, among
thers, monitoring of the earliest light curves of the progenitor/SN, 
hich are crucial for accurate reconstruction of the CCSN evolution 

nd determining progenitor properties (e.g. Tominaga et al. 2011 ). 
Ho we ver, our kno wledge of RSGs remains incomplete. In par-

icular, the spatial and luminosity distributions are not well known. 
pectra from massive stars are limited, and even more so are those
ith assigned spectral types. While the temperature scale of Galactic 
SGs has been a topic of study for decades (Johnson 1964 , 1966 ; Lee
970 ; Flower 1975 , 1977 ), and has been updated in a series of recent
apers – Levesque et al. ( 2005, 2006 ) compared the strength of the
iO bands in the optical to that of MARCS’s model atmospheres –

he debate about the precise temperatures of Galactic RSGs is still
ngoing (Taniguchi & Winered Team 2021 ; Taniguchi et al. 2021 ).
t is also known that the most evolved RSGs have substantially 
igher levels of circumstellar extinction, but the dust sizes and 
istributions are not well modelled. Since dust estimations directly 
ffect luminosity calculations, this can lead to errors in a star’s
olometric luminosity, mass, and stellar radius (Beasor & Davies 
016 ). 
While the e xtensiv e information that can be obtained from Galactic 

CSNe cannot be matched by extragalactic ones, it is worth noting 
hat RSG samples in the Magellanic clouds, M31, and M33 are 
stimated to be near-complete. The number of known RSGs in the 
MC and SMC was initially a few tens (Feast et al. 1980 ; Catchpole &
east 1981 ; Wood, Bessell & Fox 1983 ; Pierce, Jurcevic & Crabtree
000 ) and increased to a couple hundred (Massey 2002 ; Massey &
lsen 2003 ; Yang & Jiang 2011 ; Neugent et al. 2012 ; Yang & Jiang
012 ; Gonz ́alez-Fern ́andez et al. 2015 ) but the more recent work
f Yang et al. ( 2019 , 2021 ) identified an approximately 90 per cent
omplete sample with 1405 (SMC) and 2974 (LMC). Similarly, work 
one in M31 and M33 initially selected 437 (M31) and 776 (M33)
andidates (Massey et al. 2006 , 2007 , 2009 ; Drout, Massey & Meynet
012 ) with 255 of those confirmed to be RSGs by Massey & Evans
 2016 ). Ho we ver, Ren et al. ( 2019 ) found a lack of known faint stars
oti v ating the identification of a near-complete sample containing 

498 (M31) and 3055 (M33) RSGs (Ren et al. 2021 ). 
Mapping the Milky Way’s RSGs has been attempted in the past. 

 or e xample, those compiled with a greater focus on pre-explosion
tudies, including Messineo & Brown ( 2019 ) with 889 late-type 
right stars of which ∼382 are RSG candidates, and Messineo ( 2023 )
ith 203 bright late-type stars of which 20 are candidate RSGs. Also,

ists exist that are focused more on post-explosion studies, including 
akamura et al. ( 2016 )’s 212 stars and Mukhopadhyay et al. ( 2020 )’s
1 stars. We build on the methods of Messineo & Brown ( 2019 ) but
esign our methodology to minimize losing a true RSG even at the
xpense of keeping more non-RSG contaminates. To further augment 
ur list, we include a second method for search. We also compile
r estimate additional stellar characteristics, e.g. variability, radius, 
ultistar system, cluster membership, runaway status, presence of 
 significant magnetic field, mass-loss rate, and classification as 
 runaway star. We present a systematic list of Galactic binaries. 
inally, we look into our final samples’ angular separation compared 

o the angular resolution anticipated from future CCSN neutrino 
etections in preparation for use in multimessenger astronomy. 
urther discussion of Galactic RSG surv e ys in the literature and
omparisons to our work is in Section 5 . 

A comprehensive list of evolved massive stars in the Milky Way 
alaxy will have numerous broader benefits beyond multimessenger 
stronomy. F or e xample, it can be used to study the effects of
assive star evolution, binary influence, as well as metallicity. 
SGs trace stars with masses from about 9 to 40 M �, i.e. ages of
 to 30 Myr (Ekstr ̈om et al. 2012 ; Chieffi & Limongi 2013 ). The
inary frequency of RSGs can be used to test interaction rates when
ompared to unevolved massive stars. At the point of writing this
aper, approximately a dozen Galactic RSG binaries are confirmed 
Neugent et al. 2019 ). The main factor in making these impro v ements
s having a relatively complete Galactic RSGs population that also 
pans various metallicities. 

This paper is organized as follows. In Section 2 , we compile our
ist of bright and cool stars and measurements of their distance,
hotometry, and dust extinction. We determine our most confident 
ample using luminosity, stellar evolution tracks, and note stars with 
ypical RSG characteristics in Section 3 . In Section 4 , we discuss
pecific objects of interest, the sample’s spatial distribution, the range 
f estimated radii, and mass-loss. The implications for the list and
oordinated use with multimessenger astronomy (MMA) for Galactic 
CSNe and massive star astronomy are discussed in Sections 5 and
 . We conclude in Section 7 . 

 M E T H O D S  

e aim to determine whether a star is an RSG by using its ef fecti ve
emperature and bolometric luminosity. We first collect a sample of 
uminous late-type stars, which we define by spectral type K or M
nd luminosity class I. Based on spectral types, T eff is estimated
ith the temperature scale for RSGs determined in Levesque et al.

 2005 ). From there, we collect photometry measurements, model 
ust extinction, and estimate the intrinsic bolometric magnitude and 
 eff , which are crucial to determining whether the star is more likely
n RSG or contamination from a non-RSG. 

.1 Data selection 

e consider two data selection methods, each designed to create a
tarting list of stars with RSG-like properties. The first ‘compilation- 
ase’ method focuses on selecting stars with predetermined spectral 
ypes matching the expectations of RSGs, i.e. a collection of K-M
ypes stars with luminosity class I. Ho we ver, spectral classifications
f Galactic massive stars are relatively small in size. To remo v e this
imitation, we use a second ‘ Gaia -based’ method, which focuses on
btaining stars whose position on the HR (or pseudo HR) diagram
atches the expectations of RSGs. To this end, we utilize Gaia

hotometry and colour to place a cut on Gaia DR3 stars to obtain
tars that compare to K-M stars with luminosity class I. We describe
n detail the two methods below and summarize total counts in
able 1 . 
MNRAS 529, 3630–3650 (2024) 
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Table 2. Summary of late-type bright stars compiled from both method whose distance uncertainty meet the requirements detailed in Section 2.2 . For stars 
from the compilation-based method, we list all spectral types recorded along with the mean adopted spectral type. Spectral types from Houk (1999) for stars 
in the Gaia -based sample are included with the adopted spectral type set equal to the spectral type. Alias, Gaia DR3 IDs, RA, Dec, parallax, and distance are 
included along with the T eff determined using the adopted spectral type. The full table is publicly available at https:// github.com/ SNEWS2/ candidate list. 

Alias Gaia DR3 ID RA Dec Parallax SpType 1 SpType a 2 Source 3 r med geo 4 T eff 

IRAS 20315 + 4026 2 064 747 910 568 516 608 308 .35 40 .61 0 .18 M0: M0 0 3809 .8 3790 .0 
∗ psi01 Aur 970 675 154 497 903 616 96 .22 49 .29 0 .44 M0, K4, K5,... M0 0, 36, 38,... 2021 .5 3790 .0 
∗ 6 Gem 3 425 055 656 275 589 632 93 .08 22 .91 0 .56 M2, M1, M2 + ,... M0 0, 36, 38,... 1757 .05 3790 .0 
DO 42 870 2 010 457 973 461 961 344 349 .63 58 .55 0 .26 M1, M1 M1 0, 5 3393 .6182 3745 .0 
‘[NBM54]’ 44 4 097 664 886 515 067 392 273 .65 − 16 .36 0 .13 M1 M1 0 5085 .879 3745 .0 
V ∗ NR Vul 2 020 687 421 645 374 720 297 .55 24 .92 0 .32 M2, M1, M1,... K3 0, 36, 38,... 2774 .4 3985 .83 
DO 42 870 2 010 457 973 461 961 344 349 .63 58 .55 0 .26 M1, M1 M1 0, 5 3393 .62 3745 .0 
CD-30 5114 5 598 579 347 402 547 072 117 .05 − 30 .83 0 .28 K2.5 K2.5 0 3267 .55 4015 .0 
HD 87 438 5 255 870 712 734 219 648 150 .71 − 62 .16 0 .85 K3 K3 0 1175 .17 3985 .83 
HD 119 796 5 865 517 646 532 509 568 206 .8 − 62 .59 0 .25 K0, K0, K0 K0 0, 26 3600 .67 4185 .0 

Notes. 1 List of all spectral types matched to an object and the corresponding sources are in the same order under the Source column 
2 Adopted spectral type based on the mean of SpType 
3 1 Blum et al. ( 2003 ), 2 Clark et al. ( 2005 ), 3 Clark et al. ( 2009 ), 4 Dorda et al. ( 2016b ), 5 Dorda et al. ( 2018 ), 6 Liermann et al. ( 2009 ), 7 Negueruela et al. 
( 2010 ), 8 Negueruela et al. ( 2011 ), 9 Negueruela et al. ( 2012 ), 10 Rayner et al. ( 2009 ), 11 Kleinmann & Hall ( 1986 ),12 Jura & Kleinmann ( 1990 ), 13 Humphreys 
( 1978 ), 14 Elias et al. ( 1985 ), 15 Levesque et al. ( 2005 ), 16 Verhoelst et al. ( 2009 ), 17 Massey et al. ( 2001 ), 18 Messineo et al. ( 2014 ), 19 Messineo et al. 
( 2008 ), 20 Mengel & Tacconi-Garman ( 2007 ), 21 de Burgos et al. ( 2020 ), 22 Beauchamp, Moffat & Drissen ( 1994 ), 23 Alonso-Santiago et al. ( 2017 ), 24 
Davies et al. ( 2007 ), 25 Davies et al. ( 2008 ), 26 Keenan & McNeil ( 1989 ), 27 Alexander et al. ( 2009 ), 28 Bidelman ( 1957b ), 29 Bidelman ( 1957a ), 30 Halliday 
( 1955 ), 31 Medhi et al. ( 2007 ), 32 Ginestet, Carquillat & Jaschek ( 1999 ), 33 Ginestet et al. ( 1997 ), 34 F a wle y & Cohen ( 1974 ), 35 Garmany & Stencel ( 1992 ), 
36 Humphreys ( 1970a ), 37 Humphreys, Strecker & Ney ( 1972 ), 38 White & Wing ( 1978 ), 39 Marco & Negueruela ( 2013 ), 40 Boulon ( 1963 ), 41 Westerlund 
( 1987 ), 42 Marco et al. ( 2014 ), 43 Currie et al. ( 2010 ), 44 Gonz ́alez-Fern ́andez & Negueruela ( 2012 ), 45 Humphreys ( 1970b ), 46 Figer et al. ( 2006 ) 
4 r med geo : geometric and photometric distance estimate from Gaia DR3’s parallaxes (Bailer-Jones et al. 2021 ) 
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.1.1 Method 1: compilation-based sample 

e begin by collecting Galactic spectral catalogues that use the
organ–Keenan (MK) classification system (Morgan, Keenan &
ellman 1943 ). This includes those who took spectra in the near-

nfrared (Figer et al. 2006 ; Messineo et al. 2014 ), infrared (Blum et al.
003 ; Verhoelst et al. 2009 ), K -band specific (Liermann, Hamann &
skino va 2009 ; Ne gueruela et al. 2010 ), and optical (Levesque

t al. 2005 ) and with low (Clark et al. 2005 ; Messineo et al. 2008 )
o high (Negueruela et al. 2011 ; Alonso-Santiago et al. 2017 ; de
urgos et al. 2020 ) resolution. Some look specifically at Galactic
lusters including Westerlund I (Westerlund 1987 ; Clark et al. 2005 ;
engel & Tacconi-Garman 2007 ), scutum-Cruz arm (Clark et al.

009 ), RSGC1-3 (Davies et al. 2008 ; Negueruela et al. 2010 ), while
thers focused generally on stars in OB associations (Garmany &
tencel 1992 ; Massey, DeGioia-Eastwood & Waterhouse 2001 ). We
et no requirement of what bands were used as indicators; some use
he TiO band (White & Wing 1978 ; Elias, Frogel & Humphreys
985 ), the Ca II triplet (Negueruela et al. 2012 ; Dorda, Gonz ́alez-
ern ́andez & Negueruela 2016b ; Dorda, Negueruela & Gonz ́alez-
ern ́andez 2018 ), the CO band (Davies et al. 2007 , 2008 ; Negueruela
t al. 2012 ), or some combination of bands (Kleinmann & Hall 1986 ;
assey et al. 2001 ; Rayner, Cushing & Vacca 2009 ). 
In an effort to be as complete as possible, we also included

atalogues that were compilations of others (Humphreys 1978 ;
ura & Kleinmann 1990 ). Skiff ( 2014 ) is the largest such catalogue,
ontaining 1058 791 entries, and not all entries can be found in
imbad. 1 Entries in the catalogue have been converted to the MK

ype where possible. 
We restrict ourselves to K and M type stars with at least one

lassification of or including luminosity class I. We do not restrict
he inclusion of spectra based on location in the sky. Special care
NRAS 529, 3630–3650 (2024) 

 These stars are still retained in our analysis. 

 

b  

w  

t  
as made to ensure that if there were repeats in original source
lassifications between these catalogues or with the earlier list,
nly one entry was included. A portion of the list can be found in
able 2 . 
Not all observations were unique and a single star could have

 dozen classifications, so we implemented a method for adopting
pectral types. For catalogues with well-studied objects, we adopted
pectral types based on the classification assigned in those catalogues.
e gave preference to Levesque et al. ( 2005 ) as they used both
oderate-resolution optical spectrophotometry and the MARCS stel-

ar atmosphere models fits to determine the spectral type. Thereafter,
e prioritize the catalogues with well-studied classifications in Dorda

t al. ( 2016a, 2018 ), Jura & Kleinmann ( 1990 ), Elias et al. ( 1985 ),
nd Humphreys ( 1978 ). 

If none of the previous works provide spectral types, we adopt a
ean spectral type weighted by uncertainties. This keeps in mind that

lassifications derived from fewer than the 8 TiO bands or from bands
hat have less characteristic behaviour for massive stars and those
ho have observational limitations, like Keenan & McNeil ( 1989 ),
enerally have larger uncertainties between ±1–2 subtypes (usually

0.5 subtypes for classification done by visual inspection of the
hole 8 TiO band spectrum). We include White & Wing ( 1978 ), who,

long with stating previous spectral classification, finds the mean
pectral type from the 8-colour indices, which use a photoelectric
ystem defined by eight narrow bands between 0.7 and 1.1 μm to
etermine 2D spectral classification. We do not adopt 2D spectral
ypes but use them to inform mean values for entries with many
lassifications. This is accomplished by converting K0-M10 to a
umerical scale, calculating the weighted average, and then rounding
o the nearest half-inte ger, e xcept for special cases with 4 or more
ntries where a single spectral type appears a majority of the time. 

Initial celestial positions were taken directly from the source paper,
ut after combining all catalogues, some variance in RA and Dec
as observed, partially due to the different epochs used. In order

o impro v e the positions, we matched the stars listed in Table 2 to

https://github.com/SNEWS2/candidate_list
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Figure 1. Log of the density distribution of Gaia DR2 stars in the colour–
magnitude diagram of absolute Gaia G passband magnitudes (near -ultra violet 
to near-infrared) and BP-RP colour. Overlaid are 52 stars in our reference 
RSG sample (see selection criteria in Section 2.1.2 ), plotted as red stars. 
Our selection cut is indicated by the solid thick dark red diagonal line (see 
equation 1 ). Stars abo v e the cut in the green-blue shade are retained as they 
have temperatures and luminosity similar to those in our reference RSG 

sample. 
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imbad based on the alias of the star and took the corresponding
osition with epoch J2000.0, also shown in Table 2 . 
In summary, our compilation-based method provided 2051 stars 

ith either K or M spectral type and at least one classification of
uminosity class I. 

.1.2 Method 2: Gaia-based sample 

n an effort to expand our list further, we utilized the vast stellar
ata base of Gaia (DR2/DR3) and a subset of our compilation- 
ased sample to select RSG candidates. We use Gaia ’s G passband
roughly 330–1050 nm) magnitude and BP-RP (330–680 nm; 630–
050 nm) colour band for rough estimates of luminosity and ef fecti ve
emperature, respectively. While the absolute G magnitude does not 
rovide total bolometric luminosity, we use it to indicate where a star
ould be if we had included all magnitudes from other bands; the
aia G band works well for this purpose as it spans near -ultra violet to
ear-infrared. Larger differences between passbands correlate with 
ooler stellar temperatures. The star’s temperature can be inferred 
s the larger the difference between passbands, the cooler the star.
hese are shown in Fig. 1 . Here, the colour indicates the log of stellar
ensity. 
We used a subset from our compilation-based sample to identify 

he region in the colour–magnitude diagram (CMD) corresponding 
o late-type bright stars. For this purpose, we used stars whose
SG status is more confident, either low uncertainty or how well-
nalysed it is. This includes four Galactic clusters: RSGC1, RSGC2 
Stephenson 2), RSGC3, and NGC 7419, which co v er the range of
xpected luminosity as well as include masses � 9 M � to � 25 M �.
hese clusters are some of the most well-studied in terms of RSG
opulation; most stars included in these re gions hav e follow-up
pectra, allowing us to restrict our set further to those that are or
ave a follow-up observation. Ultimately we use 156 stars compiled 
rom Levesque et al. ( 2005 ), Humphreys ( 1978 ), Figer et al. ( 2006 )
RSGC1), Negueruela et al. ( 2012 ) (RSGC2), Clark et al. ( 2009 )
RSGC3), and Marco & Negueruela ( 2013 ) (NGC 7419). We call
his our reference RSG sample. 

The reference RSGs were matched to Gaia DR3 (DR2) objects 
ith both G magnitude and estimated extinctions, which reduced 

he size to 30 (52) stars. The DR2 matches are shown by red stars
n Fig. 1 and reveal the region where RSGs populate. The strong
imodality of the RSGs on the CMD presented in Fig. 1 likely results
rom the nature of stellar metallicity distribution and its effects on
tellar evolution. Studies of the metallicity of the horizontal branches 
f globular clusters (using Gaia DR2 data; Gaia Collaboration 
018b and Zinn 1985 ) and halo stars (using Gaia DR2 data; Gaia
ollaboration 2018b and TGAS data with RAVE and APOGEE; 
onaca et al. 2017 ) show the distribution is double-peaked. It is also
nown that the evolutionary tracks of stars are highly dependent on
etallicity (El Eid; The & Meyer 2009 ; Maeder 2009 ; Langer 2012 ).
he double-peaked metallicity distribution of stars before the RSG 

hase and the impact metallicity has on stellar evolution suggests 
he distribution of stars in the CMD is similarly bimodal as seen in
ig. 1 . 
Including both regions, we derive a cut to select Gaia stars in

he CMD that are likely to be RSGs. While different cuts can be
ound for different samples, we choose to use the cut derived from
R2 for both Gaia data sets as few of our reference RSGs have

stimated extinction in DR3. This limitation is primarily driven by 
he nature of bright stars and the high uncertainties they would likely
ave when methods for determining extinction values are based on 
raining sets that exclude massive stars, as is the case for Gaia DR2
nd DR3 (Bailer-Jones et al. 2013 ; Andrae et al. 2022 ; Delchambre
t al. 2022 ). As our cut determined from Gaia DR2 is derived from
bsolute G mag and BP-RP colours, it is applicable to any data set
ontaining those measurements. It includes all in the DR3-matched 
eference set. Our data cut is: 

 G 

≤ 0 . 916( BP − RP ) + ( −3 . 165) (1) 

nd shown by a thick solid line in Fig. 1 . Stars abo v e the cut are bright
nd cool enough to be candidates RSGs. Fig. 1 sho ws ho w all our
eference RSGs are abo v e the cut. All stars are retained regardless
f uncertainty; we discuss the accuracy of distance in Section 2.2 .
he cut makes a homogeneous sample in terms of extinction and
agnitude. Still, those values are not used for later analysis, as our

oal is to determine bright late-type stars homogeneously. The data 
ets were merged, preserving only unique values. 

Our cut in the CMD gives a degree of confidence in the lumi-
osities of selected stars. Thus, we only need to take stars with
ppropriate spectral types. Ho we v er, our CMD pro vides only rough
stimates for spectral types. Thus, we obtained spectral types from 

he Henry Draper (HD) catalogues. Over multiple publications, 
he HD catalogues (1918–1924), Henry Draper Extension (HDE; 
925–1936), and Henry Draper Extension Charts (HDEC; 1934) 
etermined spectral classification and rough positions for 272 150 
tars. These spectral classifications are based on the Harvard system, 
MNRAS 529, 3630–3650 (2024) 
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Figure 2. r med geo distance derived by Bailer-Jones et al. ( 2021 ) using 
Milky Way model, against parallactic distances from direct inversion of the 
parallaxes. As shown in the legend, those with relative error > −1 and RUWE 

< 2.7 are in green, and relative error > 2 and RUWE < 2.7 are in dark blue. 
The cyan objects have relative error > 4 and RUWE < 2.7. The pink dashed 
line shows the line of zero difference. 
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hich has slightly different notations for spectral types than the
K system. F or consistenc y, we use the Michigan Catalogue of HD

MCHD) (1975–1999), which contains ∼161 000 HD stars that were
eclassified to the MK system using the spectra from HD, HDE, and
DEC (Houk 1999 ). 
Matching was done for all stars to available M and K spectral type

bjects from MCHD providing an additional, though not entirely
nique from the compilation-based method, set of 3499 candidates.
he o v erlap with the compilation-based method is < 100 stars,

einforcing that our Gaia -based method provides us with valuable
ew candidate RSGs. 

.2 Distance related cuts with Gaia 

e utilized the Gaia DR3 catalogue, which contains o v er 1.8
illion sources (Gaia Collaboration 2016 , 2023a ) to provide reliable
arallaxes for both the compilation-based and Gaia -based samples,
ncluding uncertainties for each star. After converting coordinates
rom J2000 to J2016, Gaia matches were found within a 2 arcmin
adius of each late-type star, producing objects for ∼ 96 per cent
f the compilation-based method and, by design, 100 per cent of the
aia -based method. 
The Renormalized Unit Weight Error (RUWE), described in the

echnical note (Lindegren et al. 2018 ), is recommended by the Gaia
eam as a proxy for a good astrometric solution to a star. The unit
eight error (UWE) dependence on the magnitude and colour of

he source means that for consistent estimation, it needs to be re-
ormalized depending on colour and magnitude. RUWE is less
ertain for objects without colour information. Lindegren et al. ( 2018 )
ecommends using RUWE ≤1.4 as a ‘good’ solution. Ho we ver, since
ur list is entirely made of bright objects, they will inherently have
ore noise, so we choose a cut of RUWE ≤2.7 (see also Messineo &
rown 2019 ). 
The Bayesian distance estimator R med geo is the recommended

ackage for Gaia stellar distances (Luri et al. 2018 ; Bailer-Jones
t al. 2021 ). Originally proposed in Bailer-Jones ( 2015 ) and further
tudied in Astraatmadja & Bailer-Jones ( 2016 ), estimating distances
ith Gaia becomes an inference problem that is best solved using
 simple exponential decreasing space prior. With this method,
on-positiv e parallax es can still be used, and a bias correction
s not required. We use observ ed parallax es when estimating the
alactocentric coordinates as other position information, such as
roper motions, are considered, as suggested in Gaia Collaboration 
 2018a ). 

Furthermore, distance errors are crucial for us to separate RSGs
rom impostors. The Gaia collaboration defines two errors: external
hich includes both random and systematic errors, and internal
hich is the formal errors reported in Gaia DR3 but only quantify the

onsistency of measurements. 2 The former is the total error, while
he latter is not. We calculated the external parallax uncertainties as
ecommended by applying equation ( 2 ) to the internal uncertainties
ound in DR3. The external error of the parallax, σω , is defined as 

ω (ext) = 

√ 

k 2 × σω (int) 2 + σ 2 
s , (2) 

here depending on the G mag, the values of k and σ s are either
 � 13: k = 1.08, σ s = 0.021 or G � 13: k = 1.08, σ s =
.043. With these calculations, we look for relative error, ω /σω ,
nd RUWE such that we retain only objects whose errors will not
NRAS 529, 3630–3650 (2024) 

 https:// www.cosmos.esa.int/ web/ gaia/ dr2-known- 
ssues#AstrometryConsiderations 

t

3

ause significant uncertainties in later deri ved quantities. Pre vious
uts from Messineo & Brown ( 2019 ) restricted relative error > 4
o keep the difference between 1/( ω − ω 0 ) 3 and r med geo to
ess than 5 per cent throughout the entire sample. In an effort
o maximize final numbers while balancing quality, comparisons
ere made between dif ferent restrictions, sho wn in Fig. 2 . Allowing
bjects whose relative parallax error > 2 produces a sample whose
aximum difference between distances derived from parallax and
 med geo is > 5 per cent, but on average, the difference is still ∼
.7 per cent with a median value of ∼0.2 per cent, yet almost doubles
ur sample size in the most fa v ourable regions while preventing the
xponentially decreasing space prior to influence r med geo to the
egree that it would be dependent on parallax and the Galactic model
sed by Bailer-Jones et al. ( 2018 ). 4863 unique values are retained
fter applying the distance cut. 

.3 Photometry 

e utilize near-infrared photometry from the Two Micron All Sky
urv e y (2MASS). 2MASS finished collecting 25.4 tbytes of data

n 2001 February, including raw images of 99.98 per cent of our
elestial sphere. The bands measured were the near-infrared (NIR)
 (1.25 μm), H (1.65 μm), and K s (2.16 μm) of which errors were
alculated and produced for the data set which includes images from
lmost the entire sky. All images were taken through either Mount
opkins, Arizona’s and Cerro Tololo, Chile’s 1.3 m diameter tele-

copes both with 7.8 s time accumulated for each sector (Skrutskie
t al. 2006 ). 

Using ESA pre-crossmatched best neighbour and good neighbour-
ood list, available 2MASS Point Source Catalogue (Skrutskie et al.
006 ) matches were found for > 99 per cent of stars that had a Gaia
R3 ID, providing a near-complete sample of JHK s measurements

nd their associated uncertainties. The K s magnitudes range from −2
o 16.3 mag with a median value of 4.3 mag. Where available, we
lso include 2MASS values for the blue, visual, or red magnitude of
he associated optical source. 
 Parallax zero point from Lindegren et al. ( 2021 ). 

https://www.cosmos.esa.int/web/gaia/dr2-known-issues#AstrometryConsiderations
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.4 Dust 

n Messineo et al. ( 2005 ), dust extinction of RSGs was calculated by
sing the extinction power law with an index of 1.9 and the intrinsic
olo ̄urs expected for each spectral type. Ho we ver, RSGs in general
how excess circumstellar extinction to those of OB stars in the 
ame regions (Massey et al. 2005 ), causing the extinction ratios to
iffer from those of the main sequence or other stars. This increase
n extinction for brighter massive stars is also seen in Neugent et al.
 2020 ), which takes direct measurements of A V for a sample of RSGs
n M31. 

While a linear relationship between intrinsic colour, ( J − K ) 0 , and
f fecti ve temperature works well for RSGs, metallicity in the models
auses discrepancies as well as unlikely large extinction values. We 
lso have to take into account that a large portion of our sample’s
 eff is based on a mean spectral type. Deriving dust based on T eff 

nd intrinsic magnitude means not only would we need to propagate 
he uncertainties of T eff and observed photometry, but we would also 
ave to deal with the dependence between the two when calculating 
he uncertainties of intrinsic magnitudes. This method would keep 
s from treating our uncertainties as uncorrelated, complicating our 
rror propagation. For these reasons and those described in the next 
ection, we use Galactic dust maps to estimate reddening while 
eeping the extinction ratios from Messineo et al. ( 2005 ). 

.4.1 3D dust map 

n recent years, the development of interstellar dust extinction maps 
as impro v ed to three dimensions spanning man y kiloparsecs. We
se the combination MWDUST 4 created by Bovy et al. ( 2016 ) and
ater updated to replace Green et al. ( 2015 ) with Green et al. ( 2019 ).

hile there are others based on modelling stellar photometry (e.g. 
arshall et al. 2006 ; Sale et al. 2014 ; Green et al. 2019 ), which
ould be ideal for our use with 2MASS photometry, none provide 

esults for the entire sky that we need. 
The combination of Bovy et al. ( 2016 ) starts with Marshall

t al. ( 2006 ) based on 2MASS passbands and augments with
rimmel, Cabrera-Lavers & L ́opez-Corredoira ( 2003 ) based on dust
istribution fit to COBE DIRBE data. Bovy et al. ( 2016 ) unified
he projection of Marshall et al. ( 2006 ), Green et al. ( 2015 ), and
rimmel et al. ( 2003 ) to HEALPIX ; note ho we ver the resolutions are
 ariable. Collecti v ely, Bo vy et al. ( 2016 ) provides full sky coverage
nd preserves small-scale structures in the dust extinction. 

As our sample focuses on RSGs, we modified some constants used 
o transform between bands which are used in the maps so that they
t the extinction transformation equation found in Messineo et al. 
 2005 ), specifically 

A K s 

A V 

= 0 . 092 , 
A H 

A V 

= 0 . 153 , 
A J 

A V 

= 0 . 263 (3) 

 V = 

A V 

E( B − V ) 
, (4) 

here R V = 3 . 1. Massive stars, howev er, can hav e additional attenu-
tion due to local e xtinction. F or e xample, studies hav e found values
f 3.6 (Lee 1970 ; McCall 2004 ) or 4.2 (Massey et al. 2005 ), and
assey et al. ( 2005 ). Additional dust is a major source of systematic

ncertainty, but we can obtain some estimates of their impacts. In the
ample of Galactic RSGs from Levesque et al. ( 2005 ), approximately
5 per cent of those with estimations for V band extinction from
 http:// github.com/ jobovy/ mwdust

c  

s
m

pectrophotometry differ significantly – here quantified as impacting 
ur classification of a star as an RSG or not (see Section 3.3 ) –
rom estimations based on R V = 3 . 1. While their use of moderate-
esolution SEDs significantly reduces the chance of discounting 
igh-extinction RSGs, dust attenuation in the NIR is less than that
f the optical or lower wavelengths, minimizing our sensitivity to 
xtinction estimations and improving our ability to retain RSG with 
 xcess reddening. F or these reasons, we conserv ati vely use R V = 3 . 1,
iving us a final sample of stars with either approximately correct
r underestimated luminosity. While this makes our sample biased 
gainst RSGs with extra extinction, any higher value of R V would
nly increase the luminosity of stars and hence increase our sample
ize. 

As Marshall et al. ( 2006 ) uses A K s 
= 0 . 089 A V , we make the

ppropriate correction to match the abo v e. The Green et al. ( 2019 )
ap is intended to provide reddening in a similar unit as E( B −
 ) SFD (Schlegel, Finkbeiner & Davis 1998 ) which can be co v ered

o E( B − V ) by multiplying 0.884, the constant found in Schlegel
t al. ( 1998 ) and then moving through the equations above to get
 Ks . While Drimmel et al. ( 2003 ) is normalized to E( B − V ) SFD ,
WDUST appropriately converts to A V . 
Since MWDUST does not provide uncertainties, we estimate them 

y comparing different maps. We used DUSTMAPS , a python package 
hat can be used to query several commonly used maps of interstellar
ust, including 2D maps such as Schlegel et al. ( 1998 ), Planck Col-
aboration XVI ( 2014 ), Lenz, Hensley & Dor ́e ( 2017 ), and 3D maps
uch as Marshall et al. ( 2006 ) and Green et al. ( 2015 ). If Marshall
t al. ( 2006 ) was the map with the largest impact on final MWDUST

xtinction value, we pulled the uncertainties from DUSTMAPS as they 
ere included in the DUSTMAPS module. For Green et al. ( 2019 ),
alues were not directly provided by DUSTMAPS , so we followed the
ethod in Green et al. ( 2015 ) and took the uncertainty to be half the

ifference between the 84th and 16th percentiles. While Drimmel 
t al. ( 2003 ) does not provide uncertainties, they point to L ́opez-
orredoira et al. ( 2002 ) who estimates the uncertainties in the K s 

and extinction to be less than 0.015, so all objects where Drimmel
t al. ( 2003 ) largely determines extinction value have the error set
o 0.015 for simplicity. Even though this reduces the confidence 
f calculated uncertainty for rele v ant objects, it is < 25 per cent
f the final sample. These uncertainties also required the matching 
onversion applied to the extinction above. 

The values derived from 3D Galactic dust extinction maps are 
oticeably different from those calculated using intrinsic colours 
rom T eff . We summarize the details in Section 4.7 . 

 RESULTS  

e determine our most probable RSGs by using the parameter 
pace of log (L / L �) versus T eff . To this end, we first determine the
uminosity and T eff , then compare them to simulated evolutionary 
racks for massive stars, and finally determine the most likely regions
y considering the contamination from AGB stars. 

.1 Luminosity 

sing the extinction method described in Section 2.4 , we estimate
he absolute magnitude in the K s band based on the de-reddened
MASS K s magnitude and the distance moduli derived from the 
ailer-Jones et al. ( 2018 ) geometric distance estimates. Bolometric 
orrections determined by Levesque et al. ( 2005 ) were matched to
tars based on their spectral type and then applied to the absolute K s 

agnitude, yielding the bolometric magnitude. From the bolometric 
MNRAS 529, 3630–3650 (2024) 
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M

Figure 3. Luminosity versus T eff of stars in both methods, coloured by their 
intrinsic K s magnitude. Stellar tracks from models at solar metallicity and 
including rotation from Ekstr ̈om et al. ( 2012 ) are shown for different ZAMS 
masses, as labelled. The thick purple diagonal line recreates the ascending 
track from the 7 M � progenitor, shifted to account for uncertainties in � 

7 − 9 M � mass stellar tracks. 
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agnitude, we determined bolometric luminosities relative to the
un, log (L / L �). By design, all uncertainties can be treated as
ndependent, so we propagate errors of bolometric luminosities using
hose of T eff , 2MASS photometry, dust extinction, and geometric
istance estimates. 

.2 Comparison to evolutionary tracks 

ith T eff and luminosity, we can compare the distribution of stars in
he H-R diagram against evolutionary tracks predicted for massive
tars. In Fig. 3 , we show our sample against tracks of Ekstr ̈om et al.
 2012 ) for rotating stars computed at solar metallicity (z = 0 . 014)
 v er the mass range 7–25 M �. For solar metallicity, anything above
5 M � is not cool enough to truly be called RSGs, and anything
elow 7 M � would be too small. While these evolutionary tracks
o not account for binary evolution, the tracks are still appropriate
s binary evolution does not greatly affect the location of RSG
n the HR diagram; Levesque ( 2017 ) succinctly showed this in
heir fig. 8.3 which shows a comparison between the single-star
ene v a and BPASS binary evolutionary tracks (Eldridge & Stanway
016 ; Eldridge et al. 2017 ) [fig. 7 of Levesque ( 2018 ) also supports
his]. 

The tracks for stars of 7 and 9 M � are particularly uncertain as their
volutions are not well understood, and this can be seen as these lines
o v er wider ranges in luminosity and are different shapes from those
f higher mass. If these lines are used as cuts, it is possible that we
ould exclude true RSGs from our list. To take this uncertainty into

ccount, we follow Messineo & Brown ( 2019 ) and use a diagonal cut
ase on the 7 M � track but shifted down and right to the ascending
rack. This line, plotted in thick purple in Fig. 3 , gives us a limit for
ow faint or red a star could be and still be a candidate RSG: 

log ( L/L �) = 51 . 3 − 13 . 33 × log ( T eff ) , (5) 
NRAS 529, 3630–3650 (2024) 
here log ( T eff ) varies from 3.54 to 3.6 (or M4 to K1, based on
evesque et al. 2005 ). As RSGs candidates should be on or between

he stellar tracks, with uncertainties taken into account, we can define
pproximate regions for RSGs. In the following, we determine this
n more detail by also considering contamination. 

.3 Identifying regions 

he main contamination for RSGs is A GB stars. A GBs have lower
nitial masses and spend more time on the main sequence; ho we ver,
n their extreme cases, those that are oxygen-rich or carbon-rich
ncrease in luminosity at a warmer temperature than the average
GB and will cross into the areas that we deem regions for RSG.
o quantify this, we compare the distribution of Galactic AGBs and
SGs in the HR diagram. We sourced from the literature Galactic
GBs surv e ys that include values for both T eff and Luminosity

or M bol ) (Blum et al. 2003 ; Milam et al. 2009 ; McDonald et al.
011 ; Groenewegen 2022 ) to quantify how much each region is
ontaminated. We include a list of extreme AGBs (Groenewegen
022 ), including both C-rich and O-rich, as these would most likely
e incorrectly selected as RSGs. The extreme AGBs list includes a
mall fraction of AGBs supplemented from the Magellanic Cloud.
ltogether, we compile 377 AGBs to compare to the reference RSG

ample compiled in Section 2.1.2 . 
The results are shown in Fig. 4 . Based on these, we define five

egions. The percentages of AGBs and RSGs in these regions are
iven in Table 3 . The five regions are: 

(i) Region A (Blue) : defined by log( L 
L � ) ≥ 4 . 76. It has little

ontamination: only 1.7 per cent of the reference AGBs are in region
, while 55.4 per cent of the reference RSG population is here.
ompared to stellar tracks, region A contains high mass RSGs with
15 M �. 
(ii) Region B (Purple) : defined by log( L 

L � ) between 3.92 and
.76 and whose spectral type is earlier than M4, T eff ≥ 3535 K. It is
till RSG-rich (39.2 per cent of the reference RSGs) but has more
ontamination than region A (13.9 per cent of reference AGBs).
egion B contains intermediate mass RSGs with masses between
5 and 9 M �, which fall along well-defined stellar tracks. 
(iii) Region C (Red) : defined by log( L 

L � ) between 3.36 and
.92 and is bluer than equation ( 5 ). It contains intermediate-mass
GBs (4.9 per cent of AGBs), and as discussed belo w, lo wer mass
M � RSGs should be in this region but biased against observation
0 per cent of RSGs). 

(iv) Region D (Orange) : defined by log( L 
L � ) between 3.92 and

.76 and anything T eff ≤ 3535 K. Compared to region B it contains
 larger fraction of AGB contamination (34.7 per cent of reference
GBs) and a smaller fraction of RSGs (5.4 per cent of reference
SGs). 
(v) Region E (Green) : defined by log( L 

L � ) between 3.36 and 3.92

nd redder than equation ( 5 ) or anything with log( L 
L � ) < 3 . 36. It

ontains a large fraction of the reference AGBs (44.8 per cent) and
one of the reference RSGs. Region E stars are either too red or too
im to be RSGs of any mass. 

The reference RSGs along with our reference AGBs illustrate
n issue in massive star studies, which is that we lack stellar tracks
ertain enough and photometric characteristics that could distinguish
etween 7 and 9 M � RSGs and contamination from lower mass
tars and extreme AGBs (Siess 2006 ; Poelarends et al. 2008 ). The
est options beyond modelling and photometry also fail in certain
ases; observation of spectral lines sensitive to surface gravity fail
or cool emission spectra, high-resolution follow-up is not realistic
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Figure 4. Left: 377 Galactic AGB, including a set of extreme AGBs from the literature (Blum et al. 2003 ; Milam, Woolf & Ziurys 2009 ; McDonald, Johnson & 

Zijlstra 2011 ; Groenewegen 2022 ); see Section 3.3 for further details. In each of the regions A–E, we label the percentage of the AGB sample residing in that 
region. Right: our 156 reference RSGs (Humphreys 1978 ; Levesque et al. 2005 ; Figer et al. 2006 ; Clark et al. 2009 ; Negueruela et al. 2012 ; Marco & Negueruela 
2013 ), compiled under the guidelines set in Section 2.1.2 . The percentages indicate the fraction of the reference RSG residing in each of the regions A–E. 

Table 3. Percentages of the reference RSGs and AGBs in the five regions 
labelled A ∼E. For each region, the per cent of AGBs known to be extreme, 
either carbon or oxygen, is also stated in parentheses. Note that percentages 
in region C are likely severely underestimated as there is a bias against 
confirming RSGs or AGBs (see Section 3.3 ). 

Region AGBs (Known extreme AGBs) RSGs 

A (Blue) 1.7 per cent (80 per cent) 55.4 per cent 
B (Purple) 13.9 per cent (87.5 per cent) 39.2 per cent 
C (Red) 4.9 per cent (89.0 per cent) ∼0 per cent 
D (Orange) 34.7 per cent (0.0 per cent) 5.4 per cent 
E (Green) 44.8 per cent (38.8 per cent) ∼0 per cent 
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ogistically for large data sets, and use of maser emissions requires 
ircumstellar masers to distinguish between supergiant and giant 
tars (Levesque 2017 ). Even in this list of well-studied RSGs, almost
one have masses below 9 M � even though these should be more
ommon than higher mass RSGs. This results from the pre v ailing
election criteria, similar to that in Massey & Olsen ( 2003 ), which
pplies a conserv ati ve lo wer limit and filters out lower mass RSGs.
ltimately, we similarly remo v e Re gion C ev en though it should

ontain low-mass RSGs. 

.4 The catalogue 

e show in Fig. 5 our five regions and our sample combining
he compilation-based and Gaia -based methods. We keep stars in 
egions A and B for our final RSG list. This results in 134 and 436

tars, respecti vely. Ho we ver, we can also include stars that satisfy
he region cuts after consideration of errors. We include distance, 
hotometry, dust extinction, and ef fecti ve temperature as errors. 
hese stars are listed in their original region identifier, meaning C, D,
r E (see Appendix A for a complete column listing of the catalogue).
till, they are included as ‘likely’ RSGs in the final catalogue 
ue to uncertainties. This adds another 62 stars, primarily from 

egion C. 
.5 Characteristics flags 

e add additional flags that giv e e xtra insight into how likely
n object is an RSG, going beyond the required luminosity and
emperature cuts. The statistics of these flags are shown in 
able 4 . 

.5.1 Clusters 

ue to the dense molecular cloud that massive stars are born in,
SGs often form as part of a cluster or OB associations, so RSGs

earches are often restricted to a specific cluster. We thus search the
iterature to see if each star is a member or candidate member of any

ilky W ay cluster. W e include the cluster name, any radial velocity
erived from cluster dynamics, and any cluster details, like age, 
pproximate distance, and mass, into the catalogue if available. The 
ain clusters found include Stephenson 2 (RSGC2), PER OB1, and 
AR OB1. 

.5.2 Multistar systems 

ike OB associations and clusters, the dynamics of the molecular 
louds are appropriate for forming binary systems. Considering the 
ignificant binary fraction for main-sequence massive stars, once 
 massive star reaches mass transfer at the Hayashi limit, it is
ikely that this will cause an increase in the binary fractions of

assive stars. To what extent it increases depends on the theoretical
reatment of RSGs. It is almost certain that the limitation of
bservations and the rarity of RSGs are the causes of so few known 
inaries. 
We thus include a flag for stars that have evidence of interactions

ith a companion. The catalogue contains a column to flag binary
nd multistar systems and a column detailing if the spectra show a
inary (Spectral Binary), if Gaia DR3 has identified it as a multiple
bject system ( non single star ), or if the literature defines it as
uch. There is also a corresponding reference column that will give
he rele v ant reference. 
MNRAS 529, 3630–3650 (2024) 
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Figure 5. Luminosities versus T eff values of the compilation-based method (arrows pointing right) and the Gaia -based method (arrows pointing left), for stars 
with relative error > 4 and RUWE < 2.7. Stars within Region A (blue) and Region B (purple) are highly probable RSGs. Region B contains some contamination 
from AGBs. Region C (Red) contains intermediate-mass AGBs and late M and K type stars with solar masses around 9M �. As discussed in Section 3.3 , lower 
mass RSGs should be in this re gion. Re gion D (Orange) and Region E (Green) stars are either too red or too dim to generally be RSGs of any mass, so they are 
unlikely regions to find RSGs. The number of stars for each region, not accounting for repeats between methods, is shown in the legend in parentheses. 

Table 4. Breakdown of characteristics for highly probable RSGs included in the final catalogue separated into Region A (138 stars) and Region B (460 stars). 
Close RSGs are those whose proximity, extended radius, and/or brightness lead to poor or no measurements in Gaia and were manually added to our catalogue 
as described in Section 4.1.1 . 

Region OB Association Variability Binary Measured magnetic Runaway 
& clusters (spectra or photometry) (spectra or photometry) field 

Region A 37 137 11 1 1 
Region B 62 312 60 2 0 
Close RSGs 7 12 4 10 3 
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.5.3 Variability 

SGs are expected to be radial pulsators with luminosity-dependent
ulsational periods (Stothers 1969 , 1972 ; Heger et al. 1997 ; Guo &
i 2002 ) leading to photometric variation. Mass-loss rates have been
easured up to 10 −5 M � yr −1 (Beasor & Davies 2016 ) and are

nother driver for variability. Spectroscopic variability is affected
y the dynamics of their outer layers, like extended atmosphere
nd optical depth effects near the Hayashi limit or convection,
ulsation, and mass-loss. While the dominant driver responsible for
his variation is unknown, it is an important characteristic of RSGs.

e, therefore, included a flag for any object which is designated as
 variable star, either in the literature, AAVSO, ASAS-SN (Shappee
t al. 2014 ; Jayasinghe et al. 2020 ), or through Gaia DR2/DR3’s
hotometric variability flag. The latter uses statistics, time-series,
nd data mining analysis on Gaia G, G BP , G RP photometry as well
NRAS 529, 3630–3650 (2024) 
s parallaxes and positions (Holl et al. 2018 ) and using statistical
nd machine learning methods built from a global revision of major
ublished variable star catalogues (Eyer et al. 2023 ). 

 DI SCUSSI ON  A N D  I NTERPRETATI ONS  

.1 Specific objects 

.1.1 RSGs which are not in Gaia DR3 

ven though Gaia has a large magnitude range G ∼ 3 to 21 mag,
or any star with G mag < 5, the brightness could lead to saturation
nd subsequent systematic errors in parallax. This happens since
aia astrometric measurements use the stars’ magnitudes in part to

elf-calibrate, so this becomes a problem as bright stars are scarce
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Lindegren et al. 2018 ). Also, the extreme widths of massive stars
an limit the accuracy of Gaia ’s parallax measurement. For stars
ith magnitudes bright and radii wide enough to have large enough 

rrors to be remo v ed from our pipeline but are generally accepted
s RSGs in literature, we reintroduce them into our sample. There 
re 12 stars in this category. It includes θ Del, μ Cep, S Per, VX
gr, and NML Cyg who are in Gaia DR3 but whose measurements
re saturated and accuracy is reduced below our threshold, and alf 
ri (aka Betelgeuse), alf Her, alf Sco, eps Peg, ζ Cep, and lam Vel
ho are not in Gaia DR3 due to some combination of their distance,
rightness, and radii. We also include VY CMa, whose brightness 
nd distance should not lead to o v ersaturation but is e xcluded as
ts radius, one of the widest RSGs in our galaxy, hinders accurate
istance measurements. 
As the abo v e list is not measured with Gaia DR3, we do not use

ur pipeline to determine their bolometric magnitude or luminosity. 
nstead, we used values determined throughout the literature. These 
apers are denoted in the catalogue, and a full list can be found in
ppendix B . While we tried to fill as many columns as possible

or each non- Gaia object, this was not possible for some columns,
specially those from Gaia . A list is provided in a single reference
olumn for objects whose values come from multiple sources. 

.1.2 MY cep 

he use of stellar tracks and reference RSGs/AGBs to determine our 
egions for possible candidates resulted in MY Cep being removed 
rom our list, not because it does not have a high enough luminosity,
ut because its T eff is too cool. Ho we ver, MY Cep is generally
cknowledged as an RSG (Levesque et al. 2005 ; Mauron & Josselin
011 ; Humphreys et al. 2020 ) and it makes sense to keep it when
onsidering the uncertainty in T eff . 

.2 Runaway RSGs 

laauw ( 1956a , b ) disco v ered a sample of OB stars with significantly
igher space velocities than their surroundings, denoted runaway 
tars (R Ws). R Ws were first theorized to originate from binary
ystems whose primary undergoes SN and shoots the secondary out, 
reating their peculiar velocities. Ho we ver, this has been disproven 
s a primary mechanism (Gies & Bolton 1986 ). Other explanations 
ypothesize their existence from dynamical ejection (Leonard & 

uncan 1990 ) or interactions with massive black holes (Capuzzo- 
olcetta & Fragione 2015 ; Fragione & Capuzzo-Dolcetta 2016 ). 
stimates for OB stars with peculiar radial velocities � 40 kms −1 

each as high as 50 per cent of the population (Gies & Bolton 1986 ).
o we ver, fe w RW massi ve stars are known. Galactic RW RSGs

nclude those identified due to the presence of bow shocks: Betel-
euse (56 kms −1 ; Noriega-Crespo et al. 1997 ; Mackey et al. 2012 ,
Cephei (22 kms −1 ; Cox et al. 2012 ), and IRC -10414 (70 kms −1 ,
varamadze et al. 2013 ) and by Kinematical data from the Gaia DR2

atalogue: HD 137 071 (54.1 kms −1 ; Tetzlaff, Neuh ̈auser & Hohle
011 ; Comer ́on & Figueras 2020 ) which interestingly is both the
nly known K-type and whose proposed velocity evolution favours 
he non-dominant mechanism of ejection due to SN (Comer ́on & 

igueras 2020 ). All of these are included in the final sample. 

.3 Presence of magnetic field 

hile the extent to which magnetic fields can contribute to total 
ass-loss in RSGs is unknown, perturbation of fields with strength 
reater than several Gauss could have effects through the production 
f Alfven waves (Hartmann & Avrett 1984 ; Charbonneau & MacGre- 
or 1995 ; Vidotto & Jatenco-Pereira 2006 ). There have been several
alactic RSGs with measured magnetic fields, including ∼1 G in 
etelgeuse (Auri ̀ere et al. 2010 ; Tessore et al. 2017 ). Observations
f surrounding circular polarization from Zeeman-splitting suggest 
 surface magnetic field as strong as 4 G for VX Sgr (Vlemmings,
 an Lange velde & Diamond 2005 ), ∼1 G for 32 Cyg, and ∼2 G for λ
el (Grunhut et al. 2010 ). Tessore et al. ( 2017 ) detected ∼1 G from
E Tau and μCep, and several G in α1 Her similar to the magnetic
elds of AGBs. Measurements of VY Cma show disagreement with 
stimations from H 2 O maser observation ranging from 90 to 180 mG
Vlemmings, Diamond & van Langevelde 2002 ) and estimations 
ased on linear polarization suggesting a lower limit of ∼10 G
Shinnaga et al. 2017 ). Discussion detailing possible reasons for this
isagreement are presented in Shinnaga et al. ( 2017 ). Non-detections
f post-RSG stars have also been made, such as yellow SG (YSG) ρ
as (Tessore et al. 2017 ), which suggests either a very weak magnetic
eld or its dissipation, giving insight into the stellar evolution of
SGs that evolve back to warmer temperatures. 

.4 Spatial distribution 

he current collection of Galactic RSGs is still highly incomplete, 
ith little known about the total spatial distribution (see e.g. Davies

t al. 2009 ; Messineo et al. 2016 ). Even with our catalogue being the
argest collection, it only extends out 12.9 kpc when the radius of the

ilky Way is ∼ 30 kpc. Fig. 6 shows the spatial distribution of our
atalogue. In the right panel, we compare with the spatial distribution
f other catalogues in the literature: Nakamura et al. ( 2016 ) uses less
tringent luminosity cuts but still reaches approximately the same 
istance, and Mukhopadhyay et al. ( 2020 ) where the inner Galactic
entre’s RSGs and Blue SGs are represented but only goes out to
 1 kpc. Note that we see a more prominent dearth of stars around

he solar system, driven by the saturation of Gaia photometry (see
ection 4.1.1 ). 
The driving factor for the lack of stars beyond 12.9 kpc comes

own to the availability of spectra. Even in Skiff ( 2014 ), one of
he largest collections of Galactic stellar spectra, only ∼0.3 per 
ent meets the most basic spectral characteristics for RSGs. As 
he determination of spectral type from spectra for RSGs involves 
ither labour, limitations to sample size, or reduction of confidence, 
SGs searches have been limited by pointing in the direction of OB
ssociations or clusters, which generally have a higher population of 
SGs. Ho we ver, for inner Galactic supergiants, only ≈ 2 per cent are
ssociated with stellar clusters (Messineo et al. 2017 ). The spectra of
SGs are not only observationally limited but also lack well-defined 

pectral standards. This is especially true of K-type stars, which are
ften broken into late and early K-type stars rather than subtypes. 
Even after locating candidates, intrinsic characteristics that help 

etermine whether it is an RSG (e.g. pulsation properties and chem-
cal abundances) are not easy to obtain. As discussed in Section 3.3 ,
eliable confirmation is also difficult because the colours of RSGs 
re not unique and match those of giant late-type stars, specifically
rom low masses to super-AGBs of 9–10 M �. 

These issues all lead to the number of Galactic late-type stars of
lass I being less than ∼1000, and, when not considering our new
atalogue, ∼400 RSGs known throughout various surv e ys. Major 
atalogues like Humphreys ( 1978 ) lists 92, Elias et al. ( 1985 ) lists 90,
evesque et al. ( 2005 ) analysed the spectra of 62, Jura & Kleinmann
 1990 ) lists ∼135, even though more than ∼5000 RSGs are predicted
y Gehrz ( 1989 ). 
MNRAS 529, 3630–3650 (2024) 
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Figure 6. Left panel: Our final RSGs (teal stars) in Galactocentric coordinates compared to a population of inner Milk Way young stars (shaded based on stellar 
density from a 2D histogram using cells of 150x150 pc for y versus x and 150x115 pc for z versus x) on the upper main sequence selected from Gaia DR3 based 
on methods of Gaia Collaboration ( 2023b ) whose density distribution reconstructs the spiral arms of the Milky Way , specifically , Perseus arm, Orion spur, and 
Sagittarius arm. The Sun’s location (8, 0, 0) is marked in white. Right panel: Our RSGs catalogue (large black stars) compared to previous studies: Nakamura 
et al. ( 2016 ) (small light blue stars), Mukhopadhyay et al. ( 2020 ) (small green stars), and reference RSGs (small pink stars). The Sun location (8, 0, 0) is marked 
in yellow. The number of stars is shown in the legend in parentheses. 
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.5 Radii range 

he expanse of RSG radii makes measurements challenging as it
imits the observational effectiveness of interferometric determina-
ions and requires sufficiently accurate distances. For the several
ozen stars with well-measured radii, comparisons to estimates
rom L = 4 πσR 

2 T 

4 
eff show good agreement (Van Belle, Creech-

akman & Hart 2009 ; Wittkowski et al. 2012 ; Arroyo-Torres et al.
013 , 2015 ; Wittkowski et al. 2017 ). Solving the equation for the
adius of Betelgeuse, ∼ 855 R �, compares well to interferometric
easurements (Dolan et al. 2016 ) ∼ 890 R �, especially as there is

ariation depending on observed wavelength, treatment of asym-
etries, among other things (Townes et al. 2009 ). Based on this

imple but ef fecti ve relationship, we provide radii for all stars in our
atalogue, resulting in a range of 10 1 . 38 to 10 3 . 28 R �. 

.6 Mass-loss rates 

 or massiv e stars, more than half of their mass-loss happens after the
ain sequence, with RSGs losing between 10 −7 and 10 −3 M �yr −1 

van Loon et al. 2005 ; Mauron & Josselin 2011 ). Observations of
SM around type II SNe suggest that mass-loss during the final stages
f the RSG phase is accelerated. F ̈orster et al. ( 2018 ) surv e yed 26 SN
I within hours of their disco v ery and obtained optical light curves
rom High Cadence Transit Surv e y (HiTS) (Mart ́ınez-P alomera et al.
018 ) that when compared to detailed models suggest density profiles
onsistent with > 10 −4 M �yr −1 . Confined dense CSM was con-
rmed to surround SN2013fs that was estimated to be ejected during

he final ∼1 yr prior to explosion at a rate ∼ 10 −3 M �yr −1 (Yaron
t al. 2017 ). Ho we ver, with the dominant mechanism for significant
ass-loss unknown and explanations incomplete, derivations of

eneral relations are restricted to observations and limited modelling.
hile there are some discrepancies between different mass-loss rate
NRAS 529, 3630–3650 (2024) 
elations, we estimate the mass-loss of our RSG candidates based on
an Loon et al. ( 2005 ), which gives 

og 10 ( Ṁ ) = −5 . 5 + 1 . 05 log 10 

(
L 

10000 L �

)

−6 . 3 log 10 

(
T eff 

3500K 

)
(6) 

ased on observations of a small sample of M-type stars and the
ssumption of a dust-driven wind model, most applicable to dust-
nshrouded RSGs and oxygen-rich AGB stars. We find a range of
0 −7 . 76 to 10 −3 . 87 M �yr −1 in our sample. 

.7 Dust extinction method comparison 

n Section 2.4 , we discuss our reasoning for departing from previous
ethods, which use observationally determined intrinsic colours for

ifferent spectral types of massive stars and w orking backw ards
o determine their dust extinction. Ho we ver, when a comparison is
ade with the previous method, our 3D dust map, and other dust
aps, we see differences significant enough for us to outline here.
e compare six different methods of estimating dust: Schlegel et al.

 1998 ), Marshall et al. ( 2006 ), Schlafly & Finkbeiner ( 2011 ), Sale
t al. ( 2014 ), Planck Collaboration XVI ( 2014 ), Green et al. ( 2019 ),
nd Delchambre et al. ( 2022 ). We also explore how the calculations of
olometric luminosity would shift depending on the method used for
xtinction. Fig. 7 shows comparisons of dust corrections, spanning
D dust maps, MWDUST , and the use of intrinsic colours of massive
tars (ICMS). The close alignment to the 1-to-1 line, shown dashed
n pink, for Marshall and Green results from MWDUST predominately
sing those two maps for their HEALPIX extinction map. We see
hat MWDUST produces a smaller spread across the board and
enerally has smaller differences from the average values as well. In
ig. 8 we show how they impact our determined stellar luminosities.
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Figure 7. Comparisons of 3D dust maps, MWDUST , and using ICMS to other methods of determining Galactic extinction. The top row shows ICMS along the 
y-axis and the bottom row shows MWDUST extinction converted to the K s band along the y-axis, with each being compared to 2D maps (Schlafly & Finkbeiner 
2011 ; Planck Collaboration XVI 2014 ; Delchambre et al. 2022 ) and 3D maps (Marshall et al. 2006 ; Sale et al. 2014 ; Green et al. 2019 ) along the x-axes. Points 
are coloured by the size of the difference in the y-axis estimated extinction and the average extinction value across all methods. 

Figure 8. Same as Fig. 7 but showing how different dust correction methods impact our determined luminosity. 
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xcept for the earliest 2D maps of Schlafly & Finkbeiner ( 2011 ) and
lanck Collaboration XVI ( 2014 ), the luminosities determined by 
ur dust method remain very similar to those from more modern dust
aps. 
We also look into how our final estimates for bolometric luminosity 
ompare to those in the literature; their values are more confident
s they generally focus on a small sample of RSG candidates and
irectly determine their characteristics. Using our reference RSGs 
MNRAS 529, 3630–3650 (2024) 
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rom Section 2.1.2 , we compare the changes that would result from
sing DR2 geometric distance ( r est ; Bailer-Jones et al. 2018 )
nstead of DR3’s. The mean, median, and mode values for the
ifference between the reference RSG values and those estimated
sing our method and DR3 are all ≥ 15 per cent smaller than those
rom DR2. The general trend of DR3 based values being closer
o their reference values reinforces our use of distances primarily
rom r geo med but supplemented with r est . Ho we ver, both
ethods systematically underestimate luminosity, with a few outliers

enerally caused by areas of high dust. Stars which have the required
uminosity and T eff are very likely to be bright or brighter than our
imits as systematics taken into account would shift them higher,
alidating the inclusion of stars whose estimated values are not high
nough but whose uncertainty places them in one of the two retained
egions. 

 C O M PA R I S O N  WITH  P R E V I O U S  WO R K S  

ollecting the Milky Way’s RSGs has been a necessary challenge,
articularly for two areas of astrophysics: stellar astronomy and
tudies of massive stars pre-explosion (Messineo & Brown 2019 ;

essineo 2023 ) and astroparticle focused more on neutrinos and the
xplosion itself (Nakamura et al. 2016 ; Mukhopadhyay et al. 2020 ).
he moti v ations and approaches behind all ef forts v ary considerably.
Messineo & Brown ( 2019 ) focused on finding candidate RSGs

n Gaia DR2. They compiled Galactic spectral catalogues whose
bjects are in Gaia DR2 to estimate the ef fecti ve temperature ( T eff )
nd determine reliable distance measurements, and match them
ith infrared and optical measurements from various sources. Their

ombination of multiple bands with ef fecti ve temperature allowed
hem to estimate stellar bolometric magnitude in two ways: by using
hotometric measurements and by integrating under the SED. This
esulted in 889 late-type stars and 43 highly probable RSGs. 

The release of Gaia DR3 and associated data products presented
ew opportunities to categorize Galactic RSGs. A new list of late-
ype bright stars, including RSG and bright AGBs was developed
sing Gaia DR3 Apsis (Bailer-Jones et al. 2013 ; Delchambre et al.
022 ) and Gaia DR3 GSP-Phot and GSP-Spec parameters of known
- and M-type stars of Class I luminosity by Messineo ( 2023 ). In

ddition to the previous work, there are 203 new entries of late-type
right stars with 15 S-type, 1 S/C, 9 C-rich, and 20 confirmed new
SGs with six having bolometric magnitudes brighter than the AGB

imit. 
For both Nakamura et al. ( 2016 ) and Mukhopadhyay et al. ( 2020 ),

otential progenitors and their properties were compiled from the
iterature. Nakamura et al. ( 2016 ) explored the multimessenger
ignals of a nearby CCSN, and simulated a complete sequence of
ignals, detectors’ abilities limited their sample to ∼3 kpc. For
uture detection prospects, Nakamura et al. ( 2016 ) compiled 212

olf-Rayet stars along with RSG candidates, sometimes with the
uminosity class of II or even III. Mukhopadhyay et al. ( 2020 ) heavily
ocused on the potential of liquid scintillators neutrino detectors
o localize pre-supernova neutrino signals, a task which may be
chieved at close distances. Thus, their list is restricted to � 1 kpc,
or a total of 31 containing red and blue massive stars. No analysis
s done beyond compilation to determine the accuracy of CCSN
rogenitor status. As the purpose and method for listing possible
CSN progenitors candidates were relatively consistent, there was
n o v erlap of the most nearby candidates. 

By comparison, our work resulted in 578 Milky Way candidate
SGs. To obtain this enhancement, we begin by following the method
f Messineo & Brown ( 2019 ) but modify it in a few k ey w ays to tailor
NRAS 529, 3630–3650 (2024) 
ur analysis for use with multimessenger astronomy. For example,
e do not restrict our sample to those in the Galactic plane, and we
lace an emphasis on having more RSGs at the expense of having
lightly more AGB stars contaminating our list, similar to Nakamura
t al. ( 2016 ) and Mukhopadhyay et al. ( 2020 ) but to a lesser degree.
urthermore, we work with the updated Gaia DR3, though we do
ot yet include Gaia DR3 spectra or Apsis parameters as Messineo
 2023 ) does. Our method for determining a single spectral type for
bjects with multiple designations considers the increase in data and
ollows a more strict prescription than that of Messineo & Brown
 2019 ). We also implement a new method that adds 33 unique highly
robable and likely RSGs. This method uses a sample of known K-
nd M-type stars included in Gaia DR3 to determine a Gaia G band
hotometry cut-off. It is combined with external spectra, working
imilarly to Messineo ( 2023 )’s use of Gaia Apsis parameters and
pectra. 

Even though we obtain a larger number of RSG candidates –
ith potentially more contaminants – it is worth pointing our we are

ar from complete. Given the Milky Way’s core-collapse supernova
ate of a few per century (Tammann, Loeffler & Schroeder 1994 ;
ozwadowska, Vissani & Cappellaro 2021 ) and the duration of the
SG phase for the most common 8 M � star being ∼0.5 Myr (Eldridge,

zzard & Tout 2008 ), the number of RSGs at any given time in the
ilky Way is approximately ∼5 × 10 5 /100 ∼ 5000 (Gehrz 1989 ). 

 MULTIMESSENGER  A S T RO N O M Y  

ultimessenger astronomy is based on coordinating observations
cross multiple messengers – from electromagnetic radiation to
ra vitational wa ves and neutrinos – and on the interpretation of
he joint results to optimize the science attained. With coordinated
fforts, both detections and non-detections lead to useful information
n the physics behind different astrophysical phenomena. A key to
uccessful coordination for transient events such as CCSNe is in
ligning the observatories in time. To this end, advanced warning of
n impending CCSN is highly useful. 

Neutrinos will be prolifically produced during stellar CC, and since
he y arriv e minutes to days before the rise of the electromagnetic
mission, provide the desired early alert (see e.g. Kharusi et al.
021 ). Also, neutrino production rapidly rises during the last stages
f nuclear burning, which can provide an advanced warning of the
C itself. One early established neutrino alert system is the SN
arly Warning System (Antonioli et al. 2004 ). SNEWS provides
n early warning for a Galactic CCSN by tracking coincidences
etween neutrino experiments. In addition to providing coincident
lerts, the successor to SNEWS, SNEWS 2.0, will aim at providing as
uch useful information as possible to capture the multimessenger

ounterparts of the CC (Kharusi et al. 2021 ). In particular, the
istance and position of the source will be key parameters that can
e estimated with the neutrino data. The snewpdag 5 software will
e in charge of these calculations and used to release automated
nformation in case of a CCSN alert. 

SNEWS also coordinates with citizen astronomers, for instance,
ith the American Association of Variable Star Observers (AAVSO)

o monitor potential CCSNe candidates long before they collapse,
llowing more detailed observations on the development of stars
s the y evolv e towards CC. The alert follow-up is being facilitated
ith the Recommender Engine For Intelligent Transient Tracking

Sravan et al. 2020 ). This is particularly useful as peculiar behaviour

https://github.com/SNEWS2/snewpdag
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rior to CC has been documented in several SNe with spurious
bservations. F or e xample, the progenitor of SN 2009ip underwent a
eries of mini explosions prior to SN (Smith et al. 2022 ). It could also
llow us to check for evidence of pre-SN mass-loss, more accurately 
elate explosion energy with progenitors’ initial mass, and define the 
elationship of light-curve plateau brightness, temperature evolution 
f SN emission, and progenitor radius. 

.1 Directional information from neutrinos 

here are two main methods to obtain angular pointing information 
ith the neutrino data: a direct direction reconstruction using 

nisotropic interactions and triangulation. The first exploits an 
nteraction between the neutrino and a target with some intrinsic 
irectionality with a detector that can exploit such information. 
 or e xample, the electron scatters preferentially along the neutrino 
irection in neutrino-electron elastic scattering. Cherenkov detectors 
an track the direction through the light that is released when the
lectron is kicked. With this method, Super-Kamiokande can give 
he direction within 3–8 degrees for an SN at 10 kpc (Mukhopadhyay
t al. 2020 ). In relation to our catalogue, neutrino pointing can
educe the possible potential stellar candidates on average within 
he error circles of 3–8 degrees down to 12–41 stars, respectively. 
ther neutrino interactions either do not retain very well directional 

nformation or have smaller cross sections. 
The second method is triangulation (or, more precisely, multi- 

ateration), which uses the relative arrival times of the neutrino 
urst through multiple detectors in different geographical locations 
o determine from where those neutrinos originate (Beacom & Vogel 
999 ; Vogel 1999 ; M ̈uhlbeier, Nunoka wa & Zukano vich Funchal
013 ). The time of flight through the Earth for a neutrino is on
he order of milliseconds. The success of the triangulation approach, 
herefore, depends on detectors registering samples of neutrino events 
arge enough to achie ve suf ficient burst timing precision, or to
av e a v ery low background so as to precisely tell which is the
rst signal event. It also benefits from wide geographical spread 
mong the contributing detectors. Estimates for the precision of 
riangulation under various assumptions and as a function of distance 
nd location have been studied in various forms (e.g. Linzer & 

cholberg 2019 ; Coleiro et al. 2020 ; Hansen, Lindner & Scholer
020 ; Kato, Ishidoshiro & Yoshida 2020 ) where the most fa v ourable
onditions give a 1 σ area of a few per cent of the sky. 

Once a trigger is received, SNEWS’s network runs the information 
hrough a pointing algorithm, producing a trigger packet of a skymap 
f direction probabilities and distance estimations (See Section 6.2 ). 
irection information from anisotropic interactions, calculated by 

ndividual experiments, can be incorporated into a final probability 
kymap, which can then be used to prioritize follow-up observation, 
specially if one is able to focus on a finite list of high-probability
andidates, maximizing the prospects of obtaining both pre-SN 

bservations and capturing the early rise of the SN with better 
ensitivity and cadence. 

In Fig. 9 , we show simulations of the triangulation error box
stimated with the SNEWPD A G package and o v erlaid with our RSG
ist. We considered four stars ([W60] C10, X-46, CD-34 11794, and 
D 303250) in the catalogue co v ering different positions on the

ky, distances, and stellar clustering. We fix the CC time epoch to
llustrate both sky location dependence and the distance dependence. 
imulations using SNEWPY (Baxter et al. 2022 ) of the CCSN
odels in Burrows & Vartanyan ( 2021 ), with the corresponding 

tellar masses, have been used for this study. We apply the method
escribed in Coleiro et al. ( 2020 ) to inverse beta decay ( νe p → e + n )
amples at four detectors (Super-Kamiokande, JUNO, IceCube, and 
NO + ) to estimate the time delays. This method to estimate the time
elay uncertainties by combining the observed neutrino light curves 
as chosen as it does not rely on any model template. The time
ncertainties obtained range from 1 ms, for distances up to ∼1 kpc,
o ∼10 ms for 12–13 kpc. We see that in all cases, the angular
esolution significantly reduces the number of possible candidates, 
nd further reduction can be achieved with the use of a distance 
stimate. 

.2 Distance estimate with neutrinos 

t was shown in Segerlund, O’Sulli v an & O’Connor ( 2021 ) that the
e event rate in the early stages of the neutrino burst is related to

he CCSN distance. Two methods proposed have been implemented 
nto SNEWPD A G : the first compares the observed number of events
 n 50 ) to the expected value weighted over the initial mass function
the ‘IMF method’), and the second (the ‘f � 

method’) relies on a
istance independent parameter, f � 

= N(50)/N(100–150), and its 
inear relation with n 50 (Horiuchi et al. 2017 ). Here, N(50)/N(100–
50) is the ratio of the expected number of events in the two respective 
ime windows. We use both approaches to e v aluate the distance
ncertainty for our selected four candidate stars of the catalogue, 
sing a detector of the size of Super-Kamiokande or JUNO. We
onsider the same CCSN models as in Section 6.1 and include the
ystematic uncertainty due to the model dependence of the methods. 
 further systematic uncertainty arises from the time uncertainty of 
ection 6.1 , which affects how the time windows (and therefore their
vent counts) are reckoned. This systematic effect has been studied 
y shifting the neutrino light curve in simulations with respect to
he true bounce time according to the expected time uncertainty. The
esults, shown in Fig. 10 , show the complementarity between the two
ethods: the f � 

method, dominated by statistical uncertainty, works 
etter at smaller distances, while the IMF method outperforms at 
arger distances, albeit dominated by systematic uncertainties. Using 
his information on top of the triangulation skymap, the number of
SGs is further reduced in the best of cases to a few stars. For areas
f high stellar density, the reduction is to less than 33 per cent of the
andidates falling within the 90 per cent confidence level sky region,
s seen in Fig. 9 . 

.3 Implications for MMA 

btaining detailed observations of a CCSN, from pre-explosion and 
eutrino burst through to shock breakout and the SN, would provide
 treasure tro v e of data. Our RSG list would help realize this in the
ext Galactic CCSN by providing likely targets in the event of a
eutrino alert in the future. 
To date, pre-explosion observations of CCSN have been few 

nd far between, but they hav e rev ealed interesting, une xpected
ehaviours. F or e xample, the progenitor of SN2009ip underwent a
eries of mini explosions prior to SN (Maza et al. 2009 ; Miller et al.
009 ; Smith et al. 2010 ) and SN1987a had a blue supergiant progen-
tor (Sonneborn, Altner & Kirshner 1987 ) contrary to the standard
xpectation for an RSG progenitor. Pre-explosion images have also 
evealed the so-called ‘red supergiant problem’ wherein Type IIP 

N progenitors appear to have a maximum mass of ∼17 M �, which
s smaller than the most massive RSGs seen locally (Smartt et al.
009 ). Various possible solutions have been suggested. For example, 
he most massive RSGs may not be exploding as Type IIP SNe,
ecessitating a revision of our understanding of how RSGs end their
ives, with deep implications for the formation rate of black holes and
MNRAS 529, 3630–3650 (2024) 
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M

Figure 9. Confidence level localization skymaps derived from triangulation, using the simulation of four CCSN events corresponding to the four stars shown 
in Fig. 10 . Overlaid is our RSG list (light grey stars), with those inside the 90 per cent angular error as dark purple open circles. RSGs, which also match the 
distance estimated from neutrinos, are shown by dark purple stars. The four panels show different sources at various RA, Dec, and distances. 

Figure 10. On the right, we see the absolute distance uncertainties in kpc for our four selected stars, and for each of the two distance estimation methods. On 
the left, the relative distance uncertainty as a function of the distance. Star markers show the method (statistics plus systematics) error for each of the stars. The 
colour bands correspond to the uncertainties when adding the systematics related to the timing uncertainty. 
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he influence of SN feedback in galaxy evolution (e.g. Horiuchi et al.
011 ; Crain et al. 2015 ; Kochanek 2015 ). Alternatively, the discrep-
ncy could derive from our lack of understanding of stellar physics
uch as mass-loss (Ekstr ̈om et al. 2012 ; Geor gy 2012 ), or lar ger than
NRAS 529, 3630–3650 (2024) 
ssumed systematic effects, for example, in bolometric corrections
Davies et al. 2013 ) or circumstellar extinction (Walmswell &
ldridge 2012 ; Beasor & Davies 2016a ), causing an underestimation
f the progenitors mass. Having detailed pre-explosion monitoring
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ata, in both cadence and multiple bands, would help in all the abo v e
ebates. 
As discussed abo v e, the detection of GWs, multiwavelength 

hotons, and neutrinos provides a unique opportunity to probe the 
echanisms of CC; ho we ver, the current setup of telescopes and

etectors have limitations. Most Galactic SNe should be observable 
n the optical and virtually all should be observable in the near-IR
Adams et al. 2013 ). There is even a one-in-three chance for the
N to be visible to the naked eye. Neutrino detections easily co v er

he entire Milky Way galaxy. The detection by Super-Kamiokande 
ith Gadolinium of a CCSN within 8.5 kpc from the Sun will have
 pointing accuracy of ∼3 degrees or better. Note that the region
panning a radius of 8.5 kpc includes 99 per cent of our full catalogue.
he detectability of GWs depends strongly on the uncertain core 

otation. Nakamura et al. ( 2016 ) has shown that for an initially non-
otating core, GW detection is possible for sources up to the Galactic
entre if there is a coordinated observation with GW detectors and 
eutrino telescopes. 
Statistically, the most likely distance to the next CCSN is close to

he Galactic Centre (Adams et al. 2013 ). F or e xample, the modelling
f the progenitor and Galactic dust as a double-exponential spatial 
istribution indicates that within 5.8 kpc of the Galactic centre 
orresponds to 62 per cent of the Galactic CCSNe rate (Adams 
t al. 2013 ; Nakamura et al. 2016 ). While estimates from Galactic
istributions of SN remnants (SNR) (Mirizzi, Raffelt & Serpico 2006 ;
hlers, Mertsch & Sarkar 2009 ) show some variation, a radius of
6 kpc consistently contains ≥ 50 per cent . In our sample, this 

esults in 41 candidates. On the other hand, CCSN closer to the
un will have better multimessenger prospects, as we summarized 

n the previous paragraph. Here, we have 594 stars within 8.5 kpc
rom the sun (excluding the stars added based on uncertainty), i.e. 
ithin the distance regime where neutrinos can provide ∼3 degrees 
f pointing accuracy and detection prospects for GWs and infrared 
hotons are the most optimistic. Thus, the most promising objects are 
hose within both regions; all 41 stars of the former set are also in the
atter. Assuming that only M-type stars are approaching explosion 
ollowing from the stellar evolutionary paths used in Section 3.2 , 
6 highly promising stars are retained within the o v erlapping spatial
egions. 

Further studies are guaranteed. Within the sample of 36 promising 
andidates, greater than > 70 per cent have observations in more 
han three electromagnetic bands. Ne vertheless, ef fort must be made 
o expand the available high-quality images to more wavelengths and 
aintain up-to-date follow-up spectra. 

 SU M M A RY  A N D  F U T U R E  WO R K  

sing two complementary methods, one involving a thorough 
iterature surv e y and the other using Gaia data, we compiled a
atalogue of 578 Milky Way RSGs. This is the largest catalogue 
f its kind in the literature. To differentiate between RSGs and 
on-RSG contaminants, the most problematically extreme AGBs, 
e determined the bolometric luminosity and T eff . We compared 

hem to stellar evolutionary tracks and galactic AGB surv e ys. In this
onte xt, dust e xtinction is a major systematic uncertainty, which we
stimated using mwdust , a 3D dust map, to estimate dust extinction
or each star to reduce and prevent correlations in uncertainties. 
he accuracy of this method was tested by comparing both the 
stimated extinctions and final luminosities to several alternative 
ethods. Consideration of uncertainties adds another 62 stars that 

nter the RSG parameter space when individual errors are considered, 
esulting in a total of 640 candidates. 
Along with the information collected to determine their lu- 
inosities, the catalogue contains details of each star’s known 

haracteristics, including evidence of binary interactions, magnetic 
elds, variability, and cluster membership. Using the RSG catalogue 
ompiled, we explored the RSG’s spatial distribution, stellar radii 
ange, and mass-loss rates. Finally, we explored the impacts of the
SG catalogue for multimessenger observations of the next Galactic 
CSN. The intense neutrino burst from the CC of a massive star
rovides a natural alert, but our RSG catalogue can help suggest
ocations for observations of a CCSN. Typically, a dozen or so of
he RSGs reside within the typical pointing uncertainty given by the
eutrino alert. 
Future work includes both impro v ement and e xpansion of the

urrent catalogue. As extinction is likely our greatest source of 
rror, it seems clear that a better understanding of the complexity
f Galactic ISM, including the completion of Galactic 3D dust maps
nd the excess of CSM around RSGs, such as a more robustly
efined R V and associated extinction ratios, would not only improve 
uminosity estimation but increase the likelihood of including dusty 
SGs. Achieving the collection of more candidates in Region C is
lso important for future work. Issues of AGB contamination could 
e further mitigated with impro v ements in infrared spectra and flux
alues, like those that could be provided by the Roman Space Tele-
cope scheduled to launch in 2027. The subsequent infrared CMDs 
an be combined with knowledge of an object’s variability to reduce
he ambiguity between AGBs and RSGs. Inspecting the new infrared 
MDs can also provide an avenue for finding previously unknown 
andidates for further study. Expansion of available wavelength and 
ED fits will allow us to build a more robust profile for each of our
andidate RSGs. 

While we wait to detect neutrinos, the plan is to impro v e the
haracterization of candidates in our list so that post-explosion 
nalysis will require as few assumptions and be as complete as
ossible. Along with our coordinated efforts to photometric vari- 
bility monitoring via AAVSO, which is done primarily in the 
ptical band, it would be important to expand the number of pre-
xplosion images across a greater range of wavelengths for each 
andidate. Mid-infrared photometry, in particular, will be useful 
o determine the dusty CSM around the RSGs, for which detailed
nowledge of the environment will impro v e future analyses. This
an be accomplished with the Roman infrared space telescope and 
ts 2.4-m mirror and Wide Field Instrument. Also important would 
e starting a campaign of follow-up spectroscopic observations to 
etermine the variability, confirm our estimated luminosities, and 
ollect spectra of the stellar progenitors as close to the explosion
s possible. These efforts will also aid in determining fundamental 
roperties lik e surf ace gravity and chemical composition to enhance 
ur ability to trace stars from the zero-age main sequence to core
ollapse. 

Some next steps are more immediate; for example, while an RSG
s statistically the most likely next CC progenitor, other types of

assive stars must also cause CCSNe, such as stripped-envelope 
Ne. This moti v ates the inclusion of a broader set of stars to complete
urther the target list (e.g. Rosslowe & Crowther 2015 ). Continuation
r initiation of monitoring more broadly CC candidates will provide 
ore insight into each. 
The next Galactic CCSN will be a once-in-a-generation op- 

ortunity to collect exquisite multimessenger observations. With 
 more complete pre-assembled target list, the completeness 
f such observations will be impro v ed and would likely shed
ew insights and potential surprises into stellar and CCSN 

hysics. 
MNRAS 529, 3630–3650 (2024) 



3646 S. Healy et al. 

M

A

S  

N  

s  

a  

1  

J  

T  

C
 

d  

4  

S  

M  

s  

M  

1
 

2  

S
 

t  

w  

G  

a
 

(  

b  

/  

D  

i
 

M  

s  

C  

A  

F

D

D  

h

R

A  

A
A  

A  

A
A
A  

A  

A
A
A
A  

A  

B
B
B  

B  

B
B
B
B
B
B
B
B
B
B
B
B  

B
B  

B
B
C
C  

C
C
C
C  

C
C  

G
G
C
C
C
C
D
D
D  

D  

D  

D
d  

D
D  

D  

D
D  

D  

D
E
E
E
E

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3630/7630209 by harry.johnstone@
st-annes.ox.ac.uk user on 30 April 2024
C K N OW L E D G E M E N T S  

H is supported by National Science Foundation (NSF) Grant
o. PHY-1914409 and No. PHY-2209420. The work of SH is

upported by the U.S. Department of Energy Office of Science under
ward number DE-SC0020262, NSF Grants AST-1908960, PHY-
914409, and PHY-2209420, and JSPS KAKENHI Grant Number
P22K03630 and JP23H0489, and the Julian Schwinger Foundation.
his work was supported by World Premier International Research
enter Initiative (WPI Initiative), MEXT, Japan. 
The work by M. Colomer is supported by the F.R.S.-FNRS (Fonds

e la Recherche Scientifique) through the research project IISN
.4501.17 (40008230). This work is also supported by the National
cience Foundation ‘Windows on the Universe: the Era of Multi-
essenger Astrophysics’ Program: ‘WoU-MMA: Collaborative Re-

earch: A Ne xt-Generation SuperNo va Early Warning System for
ultimessenger Astronomy’ through Grant Nos. 1914448, 1914409,

914447, 1914418, 1914410, 1914416, and 1914426. 
DM acknowledges NSF support from grants PHY -1914448, PHY -

209451, AST -2037297, and AST -2206532. JT is supported by the
cience and Technology Facilities Council (STFC), UK. 
We acknowledge with thanks the variable star observations from

he AAVSO International Database contributed by observers world-
ide and used in this research. We want to give special thanks to
eorge Silvis whose efforts to produce AAVSO TARGETTOOL

llow for more efficient monitoring of RSG candidates. 
This work has made use of data from the European Space Agency

ESA) mission Gaia ( ht tps://www.cosmos.esa.int /gaia ), processed
y the Gaia Data Processing and Analysis Consortium (DPAC, https:
/ www.cosmos.esa.int/web/gaia/ dpac/consortium ). Funding for the
PAC has been provided by national institutions, in particular, the

nstitutions participating in the Gaia Multilateral Agreement. 
This publication makes use of data products from the Two
icron All Sky Survey, which is a joint project of the Univer-

ity of Massachusetts and the Infrared Processing and Analysis
enter/California Institute of Technology, funded by the National
eronautics and Space Administration and the National Science
oundation. 

ATA  AVA ILA BILITY  

ata for Table 2 and Appendix A Table A1 is publicly available at
ttps:// github.com/SNEWS2/ candidate list. 

E FEREN C ES  

dams S. M. , Kochanek C. S., Beacom J. F., Vagins M. R., Stanek K. Z.,
2013, ApJ , 778, 164 

hlers M. , Mertsch P., Sarkar S., 2009, Phys. Rev. D , 80, 123017 
lexander M. J. , Kobulnicky H. A., Clemens D. P., Jameson K., Pinnick A.,

P av el M., 2009, AJ , 137, 4824 
lonso-Santiago J. , Negueruela I., Marco A., Tabernero H. M., Gonz ́alez-

Fern ́andez C., Castro N., 2017, MNRAS , 469, 1330 
ndrae R. et al., 2023, A&A , 674, A27 
ntonioli P. et al., 2004, New J. Phys. , 6, 114 
rnett W. D. , Bahcall J. N., Kirshner R. P., Woosley S. E., 1989, ARA&A ,

27, 629 
rro yo-Torres B. , Wittk owski M., Marcaide J. M., Hauschildt P. H., 2013,

A&A , 554, A76 
rroyo-Torres B. et al., 2015, A&A , 575, A50 
sakura K. et al., 2016, ApJ , 818, 91 
straatmadja T. L. , Bailer-Jones C. A. L., 2016, ApJ , 833, 119 
uri ̀ere M. , Donati J. F., Konstantino va-Anto va R., Perrin G., Petit P., Roudier

T., 2010, A&A , 516, L2 
NRAS 529, 3630–3650 (2024) 
vv akumov a E. A. , Malkov O. Y., Kniazev A. Y., 2013, Astron. Nachr. , 334,
860 

ailer-Jones C. A. L. , 2015, PASP , 127, 994 
ailer-Jones C. A. L. et al., 2013, A&A , 559, A74 
ailer-Jones C. A. L. , Rybizki J., Fouesneau M., Mantelet G., Andrae R.,

2018, AJ , 156, 58 
ailer-Jones C. A. L. , Rybizki J., Fouesneau M., Demleitner M., Andrae R.,

2021, AJ , 161, 147 
axter A. L. et al., 2022, ApJ , 925, 107 
eacom J. F. , Vogel P., 1999, Phys. Rev. D , 60, 033007 
easor E. R. , Davies B., 2016, MNRAS , 463, 1269 
easor E. R. , Davies B., 2017, MNRAS , 475, 55 
eauchamp A. , Moffat A. F. J., Drissen L., 1994, ApJS , 93, 187 
idelman W. P. , 1951, ApJ , 113, 304 
idelman W. P. , 1957a, PASP , 69, 147 
idelman W. P. , 1957b, PASP , 69, 326 
laauw A. , 1956a, PASP , 68, 495 
laauw A. , 1956b, ApJ , 123, 408 
lum R. D. , Ram ́ırez S. V., Sellgren K., Olsen K., 2003, ApJ , 597, 323 
onaca A. , Conroy C., Wetzel A., Hopkins P. F., Kere ̌s D., 2017, ApJ , 845,

101 
oulon J. , 1963, J. Obs., 46, 243 
ovy J. , Rix H.-W., Green G. M., Schlafly E. F., Finkbeiner D. P., 2016, ApJ ,

818, 130 
ueno A. , Gil-Botella I., Rubbia A., 2003, preprint ( arXiv:hep-ph/0307222 ) 
urrows A. , Vartanyan D., 2021, Nature , 589, 29 
apuzzo-Dolcetta R. , Fragione G., 2015, MNRAS , 454, 2677 
arpenter K. G. , Robinson R. D., Harper G. M., Bennett P. D., Brown A.,

Mullan D. J., 1999, ApJ , 521, 382 
atchpole R. M. , Feast M. W., 1981, MNRAS , 197, 385 
harbonneau P. , MacGregor K. B., 1995, ApJ , 454, 901 
hieffi A. , Limongi M., 2013, ApJ , 764, 21 
lark J. S. , Negueruela I., Crowther P. A., Goodwin S. P., 2005, A&A , 434,

949 
lark J. S. et al., 2009, A&A , 498, 109 
oleiro A. , Colomer Molla M., Dornic D., Lincetto M., K uliko vskiy V., 2020,

Eur. Phys. J. C , 80, 856 
aia Collaboration , 2023a, A&A , 674, A1 
aia Collaboration , 2023b, A&A , 674, A37 
omer ́on F. , Figueras F., 2020, A&A , 638, A90 
ox N. L. J. et al., 2012, A&A , 537, A35 
rain R. A. et al., 2015, MNRAS , 450, 1937 
urrie T. et al., 2010, ApJS , 186, 191 
 ́alya G. et al., 2018, MNRAS , 479, 2374 
avies B. , Beasor E. R., 2020, MNRAS , 493, 468 
avies B. , Figer D. F., Kudritzki R.-P., MacKenty J., Najarro F., Herrero A.,

2007, ApJ , 671, 781 
avies B. , Figer D. F., Law C. J., Kudritzki R.-P., Najarro F., Herrero A.,

MacKenty J. W., 2008, ApJ , 676, 1016 
avies B. , Origlia L., Kudritzki R.-P., Figer D. F., Rich R. M., Najarro F.,

Negueruela I., Clark J. S., 2009, ApJ , 696, 2014 
avies B. et al., 2013, ApJ , 767, 3 
e Burgos A. , Simon-D ́ıaz S., Lennon D. J., Dorda R., Negueruela I., Urbaneja

M. A., Patrick L. R., Herrero A., 2020, A&A , 643, A116 
elchambre L. et al., 2023, A&A , 674, A31 
olan M. M. , Mathews G. J., Lam D. D., Lan N. Q., Herczeg G. J., Dearborn

D. S. P., 2016, ApJ , 819, 7 
orda R. , Negueruela I., Gonz ́alez-Fern ́andez C., Tabernero H. M., 2016a,

A&A , 592, A16 
orda R. , Gonz ́alez-Fern ́andez C., Negueruela I., 2016b, A&A , 595, A105 
orda R. , Negueruela I., Gonz ́alez-Fern ́andez C., 2018, MNRAS , 475,

2003 
rimmel R. , Cabrera-Lavers A., L ́opez-Corredoira M., 2003, A&A , 409, 205
rout M. R. , Massey P., Meynet G., 2012, ApJ , 750, 97 
kstr ̈om S. et al., 2012, A&A , 537, A146 
l Eid M. F. , The L. S., Meyer B. S., 2009, Space Sci. Rev. , 147, 1 
ldridge J. J. , Stanway E. R., 2016, MNRAS , 462, 3302 
ldridge J. J. , Izzard R. G., Tout C. A., 2008, MNRAS , 384, 1109 

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://github.com/SNEWS2/candidate_list
http://dx.doi.org/10.1088/0004-637X/778/2/164
http://dx.doi.org/10.1103/PhysRevD.80.123017
http://dx.doi.org/10.1088/0004-6256/137/6/4824
http://dx.doi.org/10.1093/mnras/stx783
http://dx.doi.org/
http://dx.doi.org/10.1088/1367-2630/6/1/114
http://dx.doi.org/10.1146/annurev.aa.27.090189.003213
http://dx.doi.org/10.1051/0004-6361/201220920
http://dx.doi.org/10.1051/0004-6361/201425212
http://dx.doi.org/10.3847/0004-637X/818/1/91
http://dx.doi.org/10.3847/1538-4357/833/1/119
http://dx.doi.org/10.1051/0004-6361/201014925
http://dx.doi.org/10.1002/asna.201311942
http://dx.doi.org/10.1086/683116
http://dx.doi.org/10.1051/0004-6361/201322344
http://dx.doi.org/10.3847/1538-3881/aacb21
http://dx.doi.org/10.3847/1538-3881/abd806
http://dx.doi.org/10.3847/1538-4357/ac350f
http://dx.doi.org/10.1103/PhysRevD.60.033007
http://dx.doi.org/10.1093/mnras/stw2054
http://dx.doi.org/10.1093/mnras/stx3174
http://dx.doi.org/10.1086/192051
http://dx.doi.org/10.1086/145399
http://dx.doi.org/10.1086/127034
http://dx.doi.org/10.1086/127079
http://dx.doi.org/10.1086/126983
http://dx.doi.org/10.1086/146180
http://dx.doi.org/10.1086/378380
http://dx.doi.org/10.3847/1538-4357/aa7d0c
http://dx.doi.org/10.3847/0004-637X/818/2/130
http://arxiv.org/abs/hep-ph/0307222
http://dx.doi.org/10.1038/s41586-020-03059-w
http://dx.doi.org/10.1093/mnras/stv2123
http://dx.doi.org/10.1086/307520
http://dx.doi.org/10.1093/mnras/197.2.385
http://dx.doi.org/10.1086/176543
http://dx.doi.org/10.1088/0004-637X/764/1/21
http://dx.doi.org/10.1051/0004-6361:20042413
http://dx.doi.org/10.1051/0004-6361/200911945
http://dx.doi.org/10.1140/epjc/s10052-020-8407-7
http://dx.doi.org/10.1051/0004-6361/202243940
http://dx.doi.org/10.1051/0004-6361/202243797
http://dx.doi.org/10.1051/0004-6361/202038136
http://dx.doi.org/10.1051/0004-6361/201117910
http://dx.doi.org/10.1093/mnras/stv725
http://dx.doi.org/10.1088/0067-0049/186/2/191
http://dx.doi.org/10.1093/mnras/sty1703
http://dx.doi.org/10.1093/mnras/staa174
http://dx.doi.org/10.1086/522224
http://dx.doi.org/10.1086/527350
http://dx.doi.org/10.1088/0004-637X/696/2/2014
http://dx.doi.org/10.1088/0004-637X/767/1/3
http://dx.doi.org/10.1051/0004-6361/202039019
http://dx.doi.org/
http://dx.doi.org/10.3847/0004-637X/819/1/7
http://dx.doi.org/10.1051/0004-6361/201528024
http://dx.doi.org/10.1051/0004-6361/201628422
http://dx.doi.org/10.1093/mnras/stx3317
http://dx.doi.org/10.1051/0004-6361:20031070
http://dx.doi.org/10.1088/0004-637X/750/2/97
http://dx.doi.org/10.1051/0004-6361/201117751
http://dx.doi.org/10.1007/s11214-009-9517-6
http://dx.doi.org/10.1093/mnras/stw1772
http://dx.doi.org/10.1111/j.1365-2966.2007.12738.x


MMA and Galactic RSGs 3647 

E  

E
E
F
F  

F  

F
F
F
F
G
G
G
G
G
G
G  

G
G
G  

G
G
G  

G
G  

G
G  

G
G  

H
H
H
H
H
H
H
H
H
H
H  

H  

H
H
H
H
H  

J
J
J
J  

J
K  

K
K
K
K
K

L
L
L
L
L  

L
L
L  

L  

L  

L
L
L
L
L
L
L  

L
M  

M  

M  

M
M  

M  

M
M
M
M
M
M  

M  

M  

M  

M
M
M
M
M
M  

M
M
M
M  

M  

M  

M  

M  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3630/7630209 by harry.johnstone@
st-annes.ox.ac.uk user on 30 April 2024
ldridge J. J. , Stanway E. R., Xiao L., McClelland L. A. S., Taylor G., Ng
M., Greis S. M. L., Bray J. C., 2017, Publ. Astron. Soc. Austr. , 34, e058 

lias J. H. , Frogel J. A., Humphreys R. M., 1985, ApJS , 57, 91 
yer L. et al., 2023, A&A , 674, A13 
 a wle y W. M. , Cohen M., 1974, ApJ , 193, 367 
east M. W. , Catchpole R. M., Carter B. S., Roberts G., 1980, MNRAS , 193,

377 
iger D. F. , MacKenty J. W., Robberto M., Smith K., Najarro F., Kudritzki

R. P., Herrero A., 2006, ApJ , 643, 1166 
lower P. J. , 1975, A&A, 41, 391 
lower P. J. , 1977, A&A, 54, 31 
 ̈orster F. et al., 2018, Nat. Astron. , 2, 808 
ragione G. , Capuzzo-Dolcetta R., 2016, MNRAS , 458, 2596 
aia Collaboration , 2016, A&A , 595, A1 
aia Collaboration , 2018a, A&A , 616, A1 
aia Collaboration , 2018b, A&A , 616, A10 
aia Collaboration , 2023, A&A , 674, A34 
armany C. D. , Stencel R. E., 1992, A&AS, 94, 211 
ehrels N. , Leventhal M., MacCallum C. J., 1987, ApJ , 322, 215 
ehrz R. D. , 1989, in Allamandola L. J., Tielens A. G. G. M., eds, Interstellar

Dust. Springer, Dordrecht, the Netherlands, p. 445 
eorgy C. , 2012, A&A , 538, L8 
ies D. R. , Bolton C. T., 1986, ApJS , 61, 419 
inestet N. , Carquillat J. M., Jaschek C., Jaschek M., 1997, A&AS , 123, 135
inestet N. , Carquillat J. M., Jaschek C., 1999, A&AS , 134, 473 
onz ́alez-Fern ́andez C. , Negueruela I., 2012, A&A , 539, A100 
onz ́alez-Fern ́andez C. , Dorda R., Negueruela I., Marco A., 2015, A&A ,

578, A3 
reen G. M. et al., 2015, ApJ , 810, 25 
reen G. M. , Schlafly E., Zucker C., Speagle J. S., Finkbeiner D., 2019, ApJ ,

887, 93 
roenewegen M. A. T. , 2022, A&A , 659, A145 
runhut J. H. , Wade G. A., Hanes D. A., Alecian E., 2010, MNRAS , 408,

2290 
uo J. H. , Li Y., 2002, ApJ , 565, 559 
varamadze V. V. , Menten K. M., Kniazev A. Y., Langer N., Mackey J.,

Kraus A., Meyer D. M.-A., Kami ́nski T., 2013, MNRAS , 437, 843 
albwachs J.-L. et al., 2023, A&A , 674, A9 
alliday I. , 1955, ApJ , 122, 222 
ansen R. S. L. , Lindner M., Scholer O., 2020, Phys. Rev. D , 101, 123018 
arper G. M. , Brown A., Lim J., 2001, ApJ , 551, 1073 
arper G. M. , Brown A., Guinan E. F., 2008, AJ , 135, 1430 
artmann L. , Avrett E. H., 1984, ApJ , 284, 238 
eger A. , Jeannin L., Langer N., Baraffe I., 1997, A&A, 327, 224 
ohle M. , Neuh ̈auser R., Schutz B., 2010, Astron. Nachr. , 331, 349 
oll B. et al., 2018, A&A , 618, A30 
oriuchi S. , Beacom J. F., 2010, ApJ , 723, 329 
oriuchi S. , Beacom J. F., Kochanek C. S., Prieto J. L., Stanek K. Z.,

Thompson T. A., 2011, ApJ , 738, 154 
oriuchi S. , Nakamura K., Takiwaki T., Kotake K., 2017, J. Phys. G , 44,

114001 
umphreys R. M. , 1970a, AJ , 75, 602 
umphreys R. W. , 1970b, ApJ , 160, 1149 
umphreys R. M. , 1978, ApJS , 38, 309 
umphreys R. M. , Strecker D. W., Ney E. P., 1972, ApJ , 172, 75 
umphreys R. M. , Helmel G., Jones T. J., Gordon M. S., 2020, AJ , 160, 145

ayasinghe T. et al., 2020, MNRAS , 491, 13 
ohnson H. L. , 1964, Bol. Obs. Tonantzintla Tacubaya, 3, 305 
ohnson H. L. , 1966, ARA&A , 4, 193 
oyce M. , Leung S.-C., Moln ́ar L., Ireland M., Kobayashi C., Nomoto K.,

2020, ApJ , 902, 63 
ura M. , Kleinmann S. G., 1990, ApJS , 73, 769 
ato C. , Ishidoshiro K., Yoshida T., 2020, Ann. Rev. Nucl. Part. Sci. , 70, 121
eenan P. C. , McNeil R. C., 1989, ApJS , 71, 245 
harusi S. A. et al., 2021, New J. Phys. , 23, 031201 
leinmann S. G. , Hall D. N. B., 1986, ApJS , 62, 501 
ochanek C. S. , 2015, MNRAS , 446, 1213 
otake K. , 2013, C. R. Phys. , 14, 318 
anger N. , 2012, ARA&A , 50, 107 
ee T. A. , 1970, ApJ , 162, 217 
enz D. , Hensley B. S., Dor ́e O., 2017, ApJ , 846, 38 
eonard P. J. T. , Duncan M. J., 1990, AJ , 99, 608 
evesque E. M. , 2017, Astrophysics of Red Supergiants, 2514–3433. IOP

Publishing, available at: https://dx.doi.org/10.1088/978- 0- 7503- 1329- 2 
evesque E. M. , 2018, ApJ , 867, 155 
evesque E. M. , Massey P., 2020, ApJ , 891, L37 
ev esque E. M. , Masse y P., Olsen K. A. G., Plez B., Josselin E., Maeder A.,

Meynet G., 2005, ApJ , 628, 973 
ev esque E. M. , Masse y P., Olsen K. A. G., Plez B., Meynet G., Maeder A.,

2006, ApJ , 645, 1102 
i W. , Wang X., Dyk S. D. V., Cuillandre J.-C., F ole y R. J., Filippenko A. V.,

2007, ApJ , 661, 1013 
iermann A. , Hamann W. R., Oskinova L. M., 2009, A&A , 494, 1137 
indegren L. et al., 2018, A&A , 616, A2 
indegren L. et al., 2021, A&A , 649, A4 
inzer N. B. , Scholberg K., 2019, Phys. Rev. D , 100, 103005 
ockwood G. W. , Wing R. F., 1982, MNRAS , 198, 385 
 ́opez Ariste A. et al., 2018, A&A , 620, A199 
 ́opez-Corredoira M. , Cabrera-Lavers A., Garz ́on F., Hammersley P. L., 2002,

A&A , 394, 883 
uri X. et al., 2018, A&A , 616, A9 
ackey J. , Mohamed S., Neilson H. R., Langer N., Meyer D. M.-A., 2012,

ApJ , 751, L10 
aeder A. , 2009, Physics, Formation and Evolution of Rotating Stars.

Springer, Berlin, Heidelberg 
a ́ız Apell ́aniz J. , Barb ́a R. H., Fari ̃ na C., Sota A., Pantaleoni Gonz ́alez M.,

Holgado G., Negueruela I., Sim ́on-D ́ıaz S., 2021, A&A , 646, A11 
arco A. , Negueruela I., 2013, A&A , 552, A92 
arco A. , Negueruela I., Gonz ́alez-Fern ́andez C., Ma ́ız Apell ́aniz J., Dorda

R., Clark J. S., 2014, A&A , 567, A73 
arshall D. J. , Robin A. C., Reyl ́e C., Schultheis M., Picaud S., 2006, A&A ,

453, 635 
art ́ınez-Palomera J. et al., 2018, AJ , 156, 186 
assey P. , 2002, ApJS , 141, 81 
assey P. , Evans K. A., 2016, ApJ , 826, 224 
assey P. , Olsen K. A. G., 2003, AJ , 126, 2867 
assey P. , DeGioia-Eastwood K., Waterhouse E., 2001, AJ , 121, 1050 
assey P. , Plez B., Levesque E. M., Olsen K. A. G., Clayton G. C., Josselin

E., 2005, ApJ , 634, 1286 
assey P. , Olsen K. A. G., Hodge P. W., Strong S. B., Jacoby G. H.,

Schlingman W., Smith R. C., 2006, AJ , 131, 2478 
assey P. , Olsen K. A. G., Hodge P. W., Jacoby G. H., McNeill R. T., Smith

R. C., Strong S. B., 2007, AJ , 133, 2393 
assey P. , Silva D. R., Levesque E. M., Plez B., Olsen K. A. G., Clayton G.

C., Meynet G., Maeder A., 2009, ApJ , 703, 420 
athias P. et al., 2018, A&A , 615, A116 
auron N. , Josselin E., 2011, A&A , 526, A156 
aza J. et al., 2009, Central Bureau Electronic Telegrams, 1904, 1 
cCall M. L. , 2004, AJ , 128, 2144 
cDonald I. , Johnson C. I., Zijlstra A. A., 2011, MNRAS , 416, L6 
edhi B. J. , Messina S., Parihar P. S., Pagano I., Muneer S., Duorah K., 2007,

A&A , 469, 713 
engel S. , Tacconi-Garman L. E., 2007, A&A , 466, 151 
essineo M. , 2023, A&A , 671, A148 
essineo M. , Brown A. G. A., 2019, AJ , 158, 20 
essineo M. , Habing H. J., Menten K. M., Omont A., Sjouwerman L. O.,

Bertoldi F., 2005, A&A , 435, 575 
essineo M. , Figer D. F., Davies B., Rich R. M., Valenti E., Kudritzki R. P.,

2008, ApJ , 683, L155 
essineo M. , Zhu Q., Ivanov V. D., Figer D. F., Davies B., Menten K. M.,

Kudritzki R. P., Chen C. H. R., 2014, A&A , 571, A43 
essineo M. , Zhu Q., Menten K. M., Ivanov V. D., Figer D. F., Kudritzki

R.-P., Chen C. H. R., 2016, ApJ , 822, L5 
essineo M. , Zhu Q., Menten K. M., Ivanov V. D., Figer D. F., Kudritzki

R.-P., Chen C. H. R., 2017, ApJ , 836, 65 
ilam S. N. , Woolf N. J., Ziurys L. M., 2009, ApJ , 690, 837 
MNRAS 529, 3630–3650 (2024) 

http://dx.doi.org/10.1017/pasa.2017.51
http://dx.doi.org/10.1086/190997
http://dx.doi.org/10.1051/0004-6361/202244242
http://dx.doi.org/10.1086/153171
http://dx.doi.org/10.1093/mnras/193.2.377
http://dx.doi.org/10.1086/503275
http://dx.doi.org/10.1038/s41550-018-0641-7
http://dx.doi.org/10.1093/mnras/stw531
http://dx.doi.org/10.1051/0004-6361/201629272
http://dx.doi.org/10.1051/0004-6361/201833051
http://dx.doi.org/10.1051/0004-6361/201832843
http://dx.doi.org/
http://dx.doi.org/10.1086/165717
http://dx.doi.org/10.1051/0004-6361/201118372
http://dx.doi.org/10.1086/191118
http://dx.doi.org/10.1051/aas:1997345
http://dx.doi.org/10.1051/aas:1999444
http://dx.doi.org/10.1051/0004-6361/201118090
http://dx.doi.org/10.1051/0004-6361/201425362
http://dx.doi.org/10.1088/0004-637X/810/1/25
http://dx.doi.org/10.3847/1538-4357/ab5362
http://dx.doi.org/10.1051/0004-6361/202142648
http://dx.doi.org/10.1111/j.1365-2966.2010.17275.x
http://dx.doi.org/10.1086/324295
http://dx.doi.org/10.1093/mnras/stt1943
http://dx.doi.org/
http://dx.doi.org/10.1086/146080
http://dx.doi.org/10.1103/PhysRevD.101.123018
http://dx.doi.org/10.1086/320215
http://dx.doi.org/10.1088/0004-6256/135/4/1430
http://dx.doi.org/10.1086/162402
http://dx.doi.org/10.1002/asna.200911355
http://dx.doi.org/10.1051/0004-6361/201832892
http://dx.doi.org/10.1088/0004-637X/723/1/329
http://dx.doi.org/10.1088/0004-637X/738/2/154
http://dx.doi.org/10.1088/1361-6471/aa8f1f
http://dx.doi.org/10.1086/110995
http://dx.doi.org/10.1086/150502
http://dx.doi.org/10.1086/190559
http://dx.doi.org/10.1086/151329
http://dx.doi.org/10.3847/1538-3881/abab15
http://dx.doi.org/10.1093/mnras/stz2711
http://dx.doi.org/10.1146/annurev.aa.04.090166.001205
http://dx.doi.org/10.3847/1538-4357/abb8db
http://dx.doi.org/10.1086/191488
http://dx.doi.org/10.1146/annurev-nucl-040620-021320
http://dx.doi.org/10.1086/191373
http://dx.doi.org/10.1088/1367-2630/abde33
http://dx.doi.org/10.1086/191149
http://dx.doi.org/10.1093/mnras/stu2056
http://dx.doi.org/10.1016/j.crhy.2013.01.008
http://dx.doi.org/10.1146/annurev-astro-081811-125534
http://dx.doi.org/10.1086/150648
http://dx.doi.org/10.3847/1538-4357/aa84af
http://dx.doi.org/10.1086/115354
https://dx.doi.org/10.1088/978-0-7503-1329-2
http://dx.doi.org/10.3847/1538-4357/aae776
http://dx.doi.org/10.3847/2041-8213/ab7935
http://dx.doi.org/10.1086/430901
http://dx.doi.org/10.1086/504417
http://dx.doi.org/10.1086/516747
http://dx.doi.org/10.1051/0004-6361:200810371
http://dx.doi.org/10.1051/0004-6361/201832727
http://dx.doi.org/10.1051/0004-6361/202039653
http://dx.doi.org/10.1103/PhysRevD.100.103005
http://dx.doi.org/10.1093/mnras/198.2.385
http://dx.doi.org/10.1051/0004-6361/201834178
http://dx.doi.org/10.1051/0004-6361:20021175
http://dx.doi.org/10.1051/0004-6361/201832964
http://dx.doi.org/10.1088/2041-8205/751/1/L10
http://dx.doi.org/10.1051/0004-6361/202039479
http://dx.doi.org/10.1051/0004-6361/201220750
http://dx.doi.org/10.1051/0004-6361/201423897
http://dx.doi.org/10.1051/0004-6361:20053842
http://dx.doi.org/10.3847/1538-3881/aadfd8
http://dx.doi.org/10.1086/338286
http://dx.doi.org/10.3847/0004-637X/826/2/224
http://dx.doi.org/10.1086/379558
http://dx.doi.org/10.1086/318769
http://dx.doi.org/10.1086/497065
http://dx.doi.org/10.1086/503256
http://dx.doi.org/10.1086/513319
http://dx.doi.org/10.1088/0004-637X/703/1/420
http://dx.doi.org/10.1051/0004-6361/201732542
http://dx.doi.org/10.1051/0004-6361/201013993
http://dx.doi.org/10.1086/424933
http://dx.doi.org/10.1111/j.1745-3933.2011.01086.x
http://dx.doi.org/10.1051/0004-6361:20054173
http://dx.doi.org/10.1051/0004-6361:20066717
http://dx.doi.org/10.1051/0004-6361/202245587
http://dx.doi.org/10.3847/1538-3881/ab1cbd
http://dx.doi.org/10.1051/0004-6361:20040533
http://dx.doi.org/10.1086/591673
http://dx.doi.org/10.1051/0004-6361/201423802
http://dx.doi.org/10.3847/2041-8205/822/1/L5
http://dx.doi.org/10.3847/1538-4357/836/1/65
http://dx.doi.org/10.1088/0004-637X/690/1/837


3648 S. Healy et al. 

M

M  

M  

M  

M  

 

M  

M  

N  

N  

N  

N  

N  

N
N  

N  

N
O  

O
P  

P
P
P
P
P
R
R
R
R
R  

S
S
S
S
S  

S
S  

S
S
S
S
S  

S  

S
S  

S
S  

S
S
S
T

T
T  

T
T  

T
T  

T  

T  

T  

V
V  

V
v  

v
v  

V  

V
V  

V  

V
W
W
W  

W
W  

W  

W
Y
Y
Y
Y
Y
Z

A

T  

T  

a  

f

 

o
 

w  

g
 

b

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3630/7630209 by harry.johnstone@
st-annes.ox.ac.uk user on 30 April 2024
iller A. A. , Li W., Nugent P. E., Bloom J. S., Filippenko A. V., Merritt A.
T., 2009, Astron. Telegram, 2183, 1 

irizzi A. , Raffelt G. G., Serpico P. D., 2006, J. Cosmol. Astropart. Phys. ,
2006, 012 

oravveji E. , Guinan E. F., Khosroshahi H., Wasatonic R., 2013, AJ , 146,
148 

organ W. W. , Keenan P. C., Kellman E., 1943, An Atlas of Stellar Spectra,
with an Outline of Spectral Classification. University of Chicago, Chicago

 ̈uhlbeier T. , Nunokawa H., Zukanovich Funchal R., 2013, Phys. Rev. D ,
88, 085010 

ukhopadhyay M. , Lunardini C., Timmes F. X., Zuber K., 2020, ApJ , 899,
153 

. Houk , Swift C., 1999, Michigan Spectral Surv e y, Ann Arbor, Dep. Astron.,
Univ. Michigan, 5, 0 

akamura K. , Horiuchi S., Tanaka M., Hayama K., Takiwaki T., Kotake K.,
2016, MNRAS , 461, 3296 

egueruela I. , Gonz ́alez-Fern ́andez C., Marco A., Clark J. S., Mart ́ınez-
N ́u ̃ nez S., 2010, A&A , 513, A74 

egueruela I. , Gonz ́alez-Fern ́andez C., Marco A., Clark J. S., 2011, A&A ,
528, A59 

egueruela I. , Marco A., Gonz ́alez-Fern ́andez C., Jim ́enez-Esteban F., Clark
J. S., Garcia M., Solano E., 2012, A&A , 547, A15 

eugent K. F. , Massey P., Skiff B., Meynet G., 2012, ApJ , 749, 177 
eugent K. F. , Levesque E. M., Massey P., Morrell N. I., 2019, ApJ , 875, 124
eugent K. F. , Massey P., Georgy C., Drout M. R., Mommert M., Levesque

E. M., Meynet G., Ekstr ̈om S., 2020, ApJ , 889, 44 
oriega-Crespo A. , van Buren D., Cao Y., Dgani R., 1997, AJ , 114, 837 
drzywolek A. , Misiaszek M., Kutschera M., 2004, Astropart. Phys. , 21, 303
tt C. D. , 2009, Class. Quantum Gravity , 26, 063001 
antaleoni Gonz ́alez M. , Ma ́ız Apell ́aniz J., Barb ́a R. H., Negueruela I., 2020,

Res. Notes Am. Astron. Soc. , 4, 12 
ecaut M. J. , Mamajek E. E., Bubar E. J., 2012, ApJ , 746, 154 
esch P. , 1967, ApJ , 147, 381 
ierce M. J. , Jurcevic J. S., Crabtree D., 2000, MNRAS , 313, 271 
lanck Collaboration XVI , 2014, A&A , 571, A11 
oelarends A. J. T. , Herwig F., Langer N., Heger A., 2008, ApJ , 675, 614 
ayner J. T. , Cushing M. C., Vacca W. D., 2009, ApJS , 185, 289 
en Y. , Jiang B.-W., Yang M., Gao J., 2019, ApJS , 241, 35 
en Y. , Jiang B., Yang M., Wang T., Jian M., Ren T., 2021, ApJ , 907, 18 
osslowe C. K. , Crowther P. A., 2015, MNRAS , 447, 2322 
ozwadowska K. , Vissani F., Cappellaro E., 2021, New Astron. , 83, 101498
ale S. E. et al., 2014, MNRAS , 443, 2907 
chlafly E. F. , Finkbeiner D. P., 2011, ApJ , 737, 103 
chlegel D. J. , Finkbeiner D. P., Davis M., 1998, ApJ , 500, 525 
cholberg K. , 2012, Annu. Rev. Nucl. Part. Sci. , 62, 81 
egerlund M. , O’Sulli v an E., O’Connor E., 2021, preprint

( arXiv:2101.10624 ) 
happee B. J. et al., 2014, ApJ , 788, 48 
hinnaga H. , Claussen M. J., Yamamoto S., Shimojo M., 2017, PASJ , 69,

L10 
iess L. , 2006, A&A , 448, 717 
kiff B. A. , 2014, VizieR Online Data Catalog, p. B/mk 
krutskie M. F. et al., 2006, AJ , 131, 1163 
martt S. J. , 2015, Publ. Astron. Soc. Austr. , 32, e016 
martt S. J. , Maund J. R., Hendry M. A., Tout C. A., Gilmore G. F., Mattila

S., Benn C. R., 2004, Science , 303, 499 
martt S. J. , Eldridge J. J., Crockett R. M., Maund J. R., 2009, MNRAS , 395,

1409 
mith N. et al., 2010, AJ , 139, 1451 
mith N. , Andrews J. E., Filippenko A. V., Fox O. D., Mauerhan J. C., Van

Dyk S. D., 2022, MNRAS , 515, 71 
onneborn G. , Altner B., Kirshner R. P., 1987, ApJ , 323, L35 
ra van N. , Milisa vljevic D., Reynolds J. M., Lentner G., Linvill M., 2020,

ApJ , 893, 127 
tock S. , Reffert S., Quirrenbach A., 2018, A&A , 616, A33 
tothers R. , 1969, ApJ , 156, 541 
tothers R. , 1972, A&A, 18, 325 
abernero H. M. , Dorda R., Negueruela I., Marfil E., 2021, A&A , 646, A98 
NRAS 529, 3630–3650 (2024) 
ammann G. A. , Loeffler W., Schroeder A., 1994, ApJS , 92, 487 
aniguchi D. , Winered Team , 2021, in The 20.5th Cambridge Workshop on

Cool Stars, Stellar Systems, and the Sun (CS20.5). p. 185 
aniguchi D. et al., 2021, MNRAS , 502, 4210 
essore B. , L ̀ebre A., Morin J., Mathias P., Josselin E., Auri ̀ere M., 2017,

A&A , 603, A129 
etzlaff N. , Neuh ̈auser R., Hohle M. M., 2011, MNRAS , 410, 190 
om ̀as R. , Semikoz D., Raffelt G. G., Kachelrieß M., Dighe A. S., 2003,

Phys. Rev. D , 68, 093013 
ominaga N. , Morokuma T., Blinnikov S. I., Baklanov P., Sorokina E. I.,

Nomoto K., 2011, ApJS , 193, 20 
o wnes C. H. , Wishno w E. H., Hale D. D. S., Walp B., 2009, ApJ , 697, L127
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Columns (11)–(23): Values taken from 2MASS [detailed column
escriptions can be found at the link: Cal Tech user guide ] 
Columns (24)–(58): Values taken from Gaia DR3 [detailed column

escriptions can be found at the link: Gaia DR3 documentation ] 
Columns (59)–(61): Values related to Gaia EDR3 distance taken

rom Bailer-Jones et al. ( 2021 ) 
Columns (62)–(85): Values taken from Gaia DR2 [detailed column

escriptions can be found at the links: Gaia DR2 documentation and
aia DR2 RUWE documentation ] 
Columns (86)–(89): Values related to Gaia DR2 distance taken

rom Bailer-Jones et al. ( 2018 ) 
Columns (90)–(91): Extinction in the K band and associated error
Column (92): Extinction in the H band 
Column (93): Extinction in the J band 
Columns (94)–(95): Bolometric correction for K s band and asso-

iated error 
Columns (96)–(98): Distance module and associated upper and

ower errors 
Column (99): Extinction in the V band 
Columns (100)–(101): Intrinsic K s mag and associated error 
Column (102): Intrinsic H mag 
Column (103): Intrinsic J mag 
Columns (104)–(106): Absolute K magnitude and associated

pper and lower errors 
Columns (107)–(109): Bolometric magnitude and associated up-

er and lower errors 
Column (110): Stellar radius in log form 

Column (111): Stellar radius in units of solar radii 
Column (112): Log of luminosity in terms of solar luminosity 
Column (113): Log of ef fecti ve temperature 
Columns (114)–(116): Galactic coordinates in kiloparsecs 
Columns (117): Mass-loss based on equation ( 6 ) 
Columns (118)–(130): Variable values taken from Gaia DR3

detailed column descriptions can be found at the link: Gaia DR
 variable documentation ] 
Columns (131)–(140): Non-single star values taken from Gaia

R3 [detailed column descriptions can be found at the link: Gaia
R3 non-single star documentation ] 
Columns (141)–(147): Variable values taken from Gaia DR2

detailed column descriptions can be found at the link: Gaia DR
 variable documentation ] 
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Columns (148)–(153): Variable values taken from AAVSO de-
ailed column descriptions can be found at the link: AAVSO VSX
atalog 
Columns (154)–(159): Variable values taken from ASAS-SN V

etailed column descriptions can be found at the link: ASAS-SN V
riable Star Database 

Columns (160)–(163): Variable flag, details on a star’s variable
tatus, reference, and each reference’s symbol in Table A1 

Columns (164)–(167): Binary flag, details on a star’s binary status,
eference, and each reference’s symbol in Table A1 

Columns (168)–(170): Measured magnetic field flag, reference,
nd each reference’s symbol in Table A1 

Columns (171)–(173): Runaway flag, reference, and each refer-
nce’s symbol in Table A1 

Column (174): Cluster or OB association 
Column (175): Method for collection (Compilation-based, Gaia -

ased, within error bars, or Close star addendum) 
Column (176): Simbad Classification 
Column (177): Region (A-E) 

PPENDI X  B:  REFERENCES  F O R  CLOSE  STAR  

A B LE  

he references used to create the table detailing all stars whose errors
n Gaia are too large to retain or are not included, but are generally ac-
epted as RSGs throughout the literature include: Bidelman ( 1951) ;
esch ( 1967 ); Lockwood & Wing ( 1982) ; Keenan & McNeil ( 1989) ;
arpenter et al. ( 1999) ; Harper, Brown & Lim ( 2001) ; Levesque
t al. (2005) ; Vlemmings et al. ( 2005 ); van Leeuwen ( 2007) ; Harper,
rown & Guinan ( 2008) ; Grunhut et al. ( 2010) ; Hohle, Neuh ̈auser &
chutz ( 2010) ; Tremko et al. ( 2010) ; Tetzlaff et al. ( 2011) ; Cox et al.
 2012) ; Pecaut, Mamajek & Bubar ( 2012) ; Wittkowski et al. (2012) ;
vv akumov a, Malkov & Kniazev ( 2013) ; Moravveji et al. ( 2013 );
hinnaga et al. ( 2017 ); Tessore et al. ( 2017) ; L ́opez Ariste et al.
 2018) ; Mathias et al. ( 2018 ); Stock, Reffert & Quirrenbach (2018) ;

essineo & Brown ( 2019) ; Joyce et al. ( 2020) ; Levesque & Massey
 2020) ; Ma ́ız Apell ́aniz et al. ( 2021 ); Tabernero et al. ( 2021 ); Gaia
ollaboration ( 2023a ), and Davies & Beasor ( 2020 ). 
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https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2a.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
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