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ABSTRACT

Quiescent mass-loss during the red supergiant (RSG) phase has been shown to be far lower than
prescriptions typically employed in single-star evolutionary models. Importantly, RSG winds are too
weak to drive the production of Wolf-Rayets (WRs) and stripped-envelope supernovae (SE-SNe) at
initial masses of roughly 20-40M,. If single-stars are to make WRs and SE-SNe, this shifts the burden
of mass-loss to rare dust-enshrouded RSGs (DE-RSGs), objects claimed to represent a short-lived high
mass-loss phase. Here, we take a fresh look at the purported DE-RSGs. By modeling the mid-IR
excesses of the full sample of RSGs in the LMC, we find that only one RSG has both a high mass-loss
rate (M> 10~* My yr~!) and a high optical circumstellar dust extinction (7.92 mag). This one RSG
is WOH G64, and it is the only one of the 14 originally proposed DE-RSGs that is actually dust
enshrouded. The rest appear to be either normal RSGs without strong infrared-excess, or lower-mass
asymptotic giant branch (AGB) stars. Only one additional object in the full catalog of RSGs (not
previously identified as a DE-RSG) shows strong mid-IR excess. We conclude that if DE-RSGs do
represent a pre-SN phase of enhanced M in single-stars, it is extremely short-lived, only capable of
removing <2M ., of material. This rules out the single-star post-RSG pathway for the production
of WRs, LBVs, and SE-SN. Single-star models should not employ M-prescriptions based on these

extreme objects for any significant fraction of the RSG phase.
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1. INTRODUCTION

Under the single-star evolutionary paradigm, the red
supergiant (RSG) phase is the expected final evolution-
ary point for stars with initial masses (Minit) between 8—
25M o (e.g. Meynet & Maeder 2003; Heger et al. 2003),
or even higher depending on the mass-loss rate em-
ployed. Eventually, they exhaust the fuel in their cores
and end their lives as core-collapse supernovae (CCSNe).
There are many direct detections confirming RSGs as
progenitors of normal Type II-P supernovae (SNe II-P)
(e.g. Maund & Smartt 2005; Smartt et al. 2009). The
precise type of SN produced depends strongly on the
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amount of hydrogen left in the envelope at the time of
explosion, which is determined by the star’s mass-loss
rate (M) history (see Smith 2014). SNe II-P may have
a variety of ejected H envelope masses at the time of
explosion, and if the H envelope is mostly or entirely
lost, progenitors can yield SNe of Types II-L or IIn, or
even stripped-envelope supernovae (SE-SNe) of Types
ITb, Ib, and Ic. For initial masses of 8-25M ), stars that
have their H envelopes stripped in a binary system are
likely progenitors of many stripped-envelope SNe, but
the fraction of SE-SNe made by single stars (if any) de-
pends most critically on the uncertain wind mass loss
during the RSG phase.

Evolutionary models are able to make predictions
about the numbers of stars expected to retain their
H-envelope prior to SN (e.g. Ekstrom et al. 2012;
Choi et al. 2016). However, these predictions strongly
depend on mass-loss rates and the way in which they
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are implemented. For stars in the mass range 8-30M ),
OB star winds on the main sequence are weak (Smith
2014). As such, it is mass-loss during the RSG phase
which has the potential to most drastically alter their
evolution. The precise mechanism driving RSG mass-
loss is not fully understood. It is likely a combination of
radiation pressure on dust grains (Gehrz & Woolf 1971;
Wilson et al. 2000) and pulsations (Yoon & Cantiello
2010) that lift mass to radii where dust can form, but
so far no model can accurately match observations, and
there is still no theoretically motivated prescription for
how RSG mass-loss rates depend on mass, luminosity,
temperature, or pulsational instability.

Due to this uncertainty, stellar evolution models rely
on empirical recipes to implement mass-loss and cal-
culate evolution. There is now growing evidence that
the most commonly used RSG M-prescription, that of
de Jager et al. (1988), overestimates the amount of mass
lost for high-mass progenitors (Beasor & Davies 2016,
2018; Beasor et al. 2020). Beasor et al. (2020) provide
a revised mass-loss rate prescription for RSGs that can
be implemented in modern stellar evolution codes. In
these works, Beasor et al. targeted 34 RSGs in 4 clus-
ters (compared to a total of 10 field RSGs in the de Jager
et al. sample), where the distance and age are known,
and derived M and luminosity values for each star. It
was found that even at the highest luminosities, the qui-
escent RSG mass-loss rates are relatively low (<1075
Mg yr~1), and would not be able to remove the star’s
H-envelope prior to explosion?

If single RSGs are to shed their H envelopes to
make Wolf-Rayet (WR) stars and stripped-envelope
SNe, one would need to invoke episodes with much
stronger RSG winds. Some models do adopt enhanced
mass-loss rates that can remove some or all of the
H envelope, motivated by a mass-loss rate prescrip-
tion (van Loon et al. 2005) derived from a subset of
RSGs that have been interpreted as “dust enshrouded

I Recent work by Humphreys et al. (2020) also investigated RSG
mass-loss using a similar sample of stars to that of Beasor et al.
(2020). Following de Jager et al. (1988), those authors do not
take into account the different initial masses for stars of a given
luminosity, and instead derive an M -prescription based only on
luminosity. Although the range of derived mass-loss rates found
by Humphreys et al. (2020) agreed well with Beasor et al. (2020),
the mass-loss rates had a much larger dispersion above and below
the Humphreys et al. prescription. Beasor et al. (2020) demon-
strated that such a large dispersion arises if one neglects the fact
that there is a range of different initial masses at the same lu-
minosity, and that these stars of different masses actually have
different mass-loss rates. Beasor et al. (2020) further showed that
using a prescription that neglects this range of stellar masses at
the same luminosity artificially inflates the mass lost during the
RSG phase.

RSGs” (DE-RSGs hereafter, see also Sargent et al. 2010;
Sargent et al. 2011; Riebel et al. 2012; Blum et al. 2014;
Groenewegen & Sloan 2018). These stars are some-
times also described as being in a temporary “super-
wind” phase. Using the DE-RSG mass-loss prescription
in models for single stars implicitly assumes that the
DE-RSG phase is an episode that all single stars pass
through.

The mass-loss rates for DE-RSGs (van Loon et al.
2005; Goldman et al. 2017) are claimed to be more than
a factor of 10 higher than those seen among popula-
tions of normal RSGs in clusters (Beasor et al. 2020),
and higher than the RSG M rates in the de Jager
prescription. These objects, originally studied in the
LMC (van Loon et al. 2005) and chosen for their in-
ferred strong IR excess emission, were found to have high
mass-loss rates and are sometimes OH maser emitters,
both indicators of dense circumstellar material (CSM).
If dense enough, this CSM could potentially obscure the
star at visual wavelengths, though there has been no
formal definition for how extinguished a star must be to
qualify as “dust enshrouded” (see Section 2).

The DE-RSG mass-loss prescription (van Loon et al.
2005) has been employed in some stellar evolution
models (e.g. Ekstrom et al. 2012), despite these dust-
enshrouded stars being rare. Even taking the number
of originally claimed DE-RSGs?, they must represent a
minority of RSGs and therefore must represent a small
fraction of the time during the RSG phase. The rarity of
the DE-RSGs is well illustrated in the LMC: Above a lu-
minosity of log(L/Lg)=5.0 (where the sample of cool su-
pergiants is likely to be complete, see Section 3.3 within
Davies et al. 2018) only 9 out of 73 cool supergiants
are included in van Loon et al.’s DE-RSG sample, while
even fewer, 4 out of 73, are OH maser sources. Although
RSGs in clusters show that M increases as the star ap-
proaches SN, Beasor et al. did not find any RSG to have
an M value as high as those in the van Loon et al. (2005)
sample. This raises an important issue: does the DE-
RSG phase last long enough (and is M high enough) for
this phase to significantly influence the star’s resulting
SN type?

Here we take another look at the DE-RSGs from
the van Loon et al. (2005) sample, using photometric
data from an updated LMC cool supergiant catalogue
(Davies et al. 2018). Using a more recent catalogue with
high spatial resolution and high sensitivity data shows
that the putative DE-RSGs do not stand out as a distinct

2 We report below that most of these originally claimed DE-RSGs
are actually not dust enshrouded, making true DE-RSGs even
more rare.
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group in colour-magnitude diagrams. Re-appraising the
mass-loss rates of the DE-RSGs, we find that most of
them have rather low M commensurate with normal
RSGs in clusters. Moreover, the van Loon et al. (2005)
prescription overestimates the mass-loss of these stars,
representing more of an upper threshold than a represen-
tative fit through our sample. As we discuss, this under-
mines the motivation for using the enhanced DE-RSG
mass-loss rate prescription for any significant fraction of
the RSG phase in stellar evolution models.

2. DEFINING A DUST ENSHROUDED RED
SUPERGIANT

If the DE-RSG phase is a bona-fide evolutionary
stage that all RSGs will pass through, then it is use-
ful to formally define this phase. It has been shown
that quiescent mass-loss during the RSG phase is low
(Beasor & Davies 2016, 2018; Beasor et al. 2020) and is
unable to remove more than ~ 1M of material. As a
result, for single-star evolution, the burden falls to hy-
pothetical rare high mass-loss phases in order to peel
away a large enough proportion of the hydrogen en-
velope to form a stripped star in the 20-30M ; mass
range. Without this, an RSG cannot lose enough enve-
lope to return to the blue of the Hertzsprung-Russel di-
agram (HRD). To achieve this through a high M phase,
a star would need to be experiencing mass-loss rates of
10~*Moyr~' (higher than the quiescent M, shown to
be ~ 107% — 107 M yyr~1, see e.g. Beasor et al. 2020)
for around 10% of the 10° yr RSG phase (Georgy et al.
2013). This would strip ~ 10M gof material, and allow
the star to return to the blue of the HRD and die as a
H-poor supernova (e.g. Chieffi & Limongi 2013).

In Fig. 1 we show a model SED from DUSTY for a star
where M= 10"*M yr~'. The solid black line repre-
sents the observed SED, while the dashed red line shows
the input SED (i.e. the intrinsic photospheric emission
of the RSG). We can see that a high M has a significant
effect on the observed SED, with a strong silicate feature
in emission at longer wavelengths (A>10um) and a clear
loss of flux at shorter wavelengths, corresponding to an
optical extinction of Ay = 2.34 mag. Importantly, when
reddening is due to mass-loss, any flux lost is re-emitted
at longer wavelengths. Therefore, any DE-RSG candi-
date should have high optical extinction (Ay > 2) and
corresponding excess emission at A > 2um, in addition
to an M exceeding 1074M ) yr—1.

3. SAMPLES

The high M sample of DE-RSGs from van Loon et al.
(2005), hereafter RSG-vL, were primarily assem-
bled from samples of mid-IR sources with known
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Figure 1. A model SED for a dust-enshrouded RSG. The
solid black line shows the output spectrum, while the red
dashed line shows the input SED.

optical counterparts (e.g. bright IRAS sources,
see Zijlstra et al. 1996), as well as bright mid-IR
sources associated with heavily dust enshrouded objects
(Zijlstra et al. 1996). We list these 14 objects in Table
1. This sample of RSGs has formed the basis of a widely
used M -prescription, as we discuss in detail later.

For this work, we compare the van Loon et al.
(2005) sample to the LMC cool supergiant cata-
logue from Davies et al. (2018), hereafter RSG-DCB,
which compiles RSGs from many studies (Elias et al.
1985; Levesque et al. 2006; Gonzdalez-Fernandez et al.
2015; Bonanos et al. 2009; Buchanan et al. 2006;
van Loon et al. 2005; Goldman et al. 2017). Each cool
supergiant (CSG) in the sample is confirmed either via
SED shape or by spectroscopy, with 187 objects iden-
tified as spectral type M. The authors state that the
sample is considered to be complete above luminosities
of log(L/Lg)= 5, and when looking at the HR diagram
(Fig. 5 within) it appears that there is little incomplete-
ness above log(L/Lg)= 4.7. Davies et al. (2018) calcu-
late the luminosities by integrating under the spectral
energy distribution (SED) of each star, under the as-
sumption that any flux lost at shorter wavelengths is re-
emitted at longer wavelengths. We use those integrated
luminosities in this work.

In Fig. 2 we show a histogram of the luminosities of the
objects in the RSG-vL and RSG-DCB samples. Since
the original sample from van Loon et al. (2005) also con-
tained lower mass AGB stars, we only include RSG-DCB
objects with luminosities above log(L/Lg)= 4.6. But we
caution that the precise cut-off between high mass AGB
and low mass RSGs is difficult to define, so it is possible
there is still remaining contamination (in fact, later we
conclude that four of these are likely AGB stars).
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Figure 2. Histogram of observationally inferred luminosities
for two samples of RSGs in the LMC. The black hatched his-
togram (vL) is composed of the 22 dust enshrouded stars of
M-type from van Loon et al. The filled red histogram (RSG-
DCB) is a statistically complete catalogue of LMC CSGs
with log(L/Le) > 4.8. The black horizontal bars at the top
show the range of luminosity during the RSG phase in stellar
evolution models (Ekstrom et al. 2012) for a range of initial
masses from 9 to 40 M.

4. MODELLING THE DUST SHELLS

We now take a closer look at the SEDs of the vL05
sample of DE-RSGs. For this, we employ the grid
of DUSTY models from Beasor & Davies (2016, 2018);
Beasor et al. (2020), see papers for full details®. DUSTY
(Ivezic et al. 1999) is a code that solves the radiative
transfer equation for a star surrounded by a spherically
symmetric dust shell of a given optical depth (7v, op-
tical depth at 0.55um), inner dust temperature (Ti,) at
the innermost radius of the dust shell (R;,), and radial
density profile (p;). We now briefly describe the dust
shell models.

DUSTY requires an input SED of a given effective
temperature, Teg, for the initial star that is not ob-
scured by dust. While the temperature scale for RSGs
is debated (Levesque et al. 2005; Davies et al. 2013;
Tabernero et al. 2018) it is generally agreed that RSGs
are somewhere between 3400 - 4400K. We therefore re-
peat our fitting procedure (see Section 5) using SEDs at
temperatures of 3400K, 3600K, 3900K and 4200K.

As light leaves a star surrounded by a dust shell, it is
absorbed by dust grains, and that absorbed luminosity
is then re-emitted at longer wavelengths. Different dust

compositions change the output SED of the star. RSGs
are known to have relatively large grains composed of
silicate dust ( this chemical composition is known to
cause the characteristic 10 ym bump, e.g. Woolf & Ney
1969). Therefore, we opt for the silicate dust described
by Draine & Lee (1984), and a grain size of 0.3 pum (e.g.
Scicluna et al. 2015). We also assume a gas-to-dust mass
ratio of r,q=500, appropriate for LMC metallicity? (e.g.
van Loon et al. 2005), and a grain bulk density of 3 g
cm 3. We note that rgd is not well known and as such
derived M values could be scaled up or down accord-
ingly, but this is beyond the scope of this work. As dis-
cussed in Beasor et al. (2020) the derived M:s will not be
significantly higher than we find here unless one wishes
to adopt a large non-standard 7zq value, for which there
is currently no strong evidence.

To compute M from the dust shell models we must
also assume a wind speed (vs) and a density distri-
bution (p;). As we do not have wind speed measure-
ments for each RSG in the sample, we instead use mea-
surements from other RSGs (e.g. van Loon et al. 2001;
Goldman et al. 2017) and where there is no measured
wind speed, we assume vo, = 2545 km s~!. LI-LMC 4,
LI-LMC 62, LI-LMC 77 and LI-LMC 92 all have mea-
sured wind speeds (~ 10 km s™!) from maser emission
in the literature (Goldman et al. 2017) and so for these
objects we use their measured values. This is, however,
a very low wind speed for a RSG (which are generally
higher, around 25 km s™!, see e.g. Marshall et al. 2004;
van Loon et al. 1999), suggesting instead that these are
likely to be luminous AGB stars and not RSGs. This
is discussed in more detail below along with other evi-
dence that these four are indeed AGB stars. We assume
a steady state wind with density falling off as r=2. Note
that the choice of steady state wind differs from the as-
sumptions made in VLO5, see discussion in Section 4.2.

Combining all of this, the total M can be calculated
from

= Wm BTy paates (1)
3 Qv

where Qv is the extinction efficiency of the dust (as de-
fined by the dust grain composition, Draine & Lee 1984)
and a is the grain size. The mass-loss rate is scaled
with luminosity via the inner dust radius parameter,
Ri,. The value for Ry, is directly output by DUSTY,
scaled to a standard L of 10*Le. We then scale the
value of Rj, to the correct luminosity via

3 Note that modeling the SED of WOH G64 required a grid with
higher optical depths.

4 The precise Tgd is uncertain, but recent studies have shown
the range does not strongly deviate from 500 (rgq~ 340 - 540
Roman-Duval et al. 2014; Goldman et al. 2017)
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Rin = (10Fv1 /1 x 10192, (2)

see DUSTY manual Section 4.1 for further explana-
tion of this. We note that this differs from the scaling
used for radiatively driven winds, where Rj, oc L07, see
Section 4.2 for further discussion on the appropriateness
of assuming radiatively driven winds for RSGs.

4.1. Departures from spherical symmetry

While it has been shown that the dust shells of evolved
stars are clumpy (e.g. Decin et al. 2020), here we model
all the stars with spherically symmetric dust shells. We
note that while asymmetric envelopes could lead a model
to underestimate bolometric luminosities, since some
starlight escapes along lines of sight with low dust opti-
cal depth, asymmetry will not significantly compromise
the derived mass of emitting dust or the derived M un-
less Ly is vastly over or underestimated. They will
however, influence the M prescription expressed as a
function of luminosity.

In cases where Ly, is significantly over or under-
estimated, the derived M would be affected. As ex-
plained above, the final value of M depends on the lumi-
nosity of the star through the parameter R;,. For stars
with highly clumped CSM, the line-of-sight column den-
sity to the star may be lower than expected from spheri-
cal symmetry. In other words, there is a large amount of
CSM but it is not significantly obscuring the star. This
can be identified from a predicted optical SED that is far
fainter than the observed optical SED. In this case, by
simply integrating under the SED the calculated Ly
would be over estimated, leading to an over estimate
of M. WOH G64 is a clear example of this. Due to
it’s dusty torus, when deriving Ly by integrating un-
der the observed SED the luminosity is overestimated
(log(L/Lg)=>5.8, Davies et al. 2018). When taking into
account the true geometry of WOH G64’s CSM, the de-
rived Ly is reduced (log(L/Lg)=5.45, Ohnaka et al.
2008).

In the reverse case, if the model SED overestimates the
optical flux this could be due to highly clumped CSM
sat directly in front of the star. In this case, integrating
under the SED gives an underestimate of Ly, and hence
of M. For the stars analysed in this work, we do not see
any cases of this occurring for stars with Ly >5. This
effect may however be able to explain the poorer model
fits to LI-LMC 60, LI-LMC 77 and LI-LMC 92, but as
these are all low luminosity (Lp< 4.60) and likely AGB
stars (see Section 5.1) the conclusions of the paper are
unaffected.

4.2. Comparison to van Loon et al. models

We now compare our parameter choices to those made
by van Loon et al., and discuss what impacts these dif-
ferences may have on the calculated M.

Both works assume a constant fiducial grain size (0.1
pm in VLO5 and 0.3 pm here). However, in VLO5 it
is stated that this grain size (a) is altered if the fit of
the DUSTY model to the observed SED is significantly
improved by a different value. Consequently, the au-
thors also use smaller constant grain sizes (0.05 - 0.06
um) for 3 objects included in this work (LI-LMC 4, LI-
LMC 60 and WOH G64), as well as the MRN grain
distribution (a power law with an exponent of -3.5)
with minimum and maximum grain sizes at 0.01 and
0.1 pm, respectively. More recent observations of the
dust surrounding RSGs shows that the average grain size
is likely far larger, with the dust surrounding VY Ca-
nis Majoris having an average diameter of 0.5 ym (e.g.
Scicluna et al. 2015; Smith et al. 2001). The MRN dis-
trubution is more commonly associated with interstellar
dust grains (Mathis et al. 1977) and has not been shown
to be appropriate for RSGs. In Beasor & Davies (2016)
the impact of varying grain size on the measured M
value was investigated, by creating 6 different grids of
DUSTY models, examining the effect of the MRN distri-
bution and constant grain sizes between 0.1 - 0.5 pym in
steps of 0.1 pm. While grain size had a marginal effect
on extinction, the total M was unaffected by varying
grain size (see Fig. 9 within).

We also differ in our choice for assumed density pro-
files within DUSTY. Here, we choose to use a steady-
state wind where density falls off as r~2, whereas
van Loon et al. (2005) use the analytic approximation
for radiatively driven winds. Under the radiatively
driven wind scenario, the acceleration zone for the dust
is slower, and hence a higher density of dust lies closer
to the star. The net effect of this is that for a given
M , the dust lies closer to the star and less mass is re-
quired to make a stronger mid-IR excess. However, the
driving mechanism for RSG winds is uncertain. It was
initially thought that RSG winds were driven by the
same mechanism as AGB stars, radiative pressure on
dust grains (e.g. Gehrz & Woolf 1971), but the higher
effective temperatures and lower pulsational amplitudes
of RSGs make this scenario unlikely. Combined, these
effects would require the dust to reach a larger height
proportionally to the stellar radius, and less dust may
be levitated to begin with (see e.g. Ohnaka et al. 2008;
Arroyo-Torres et al. 2015; Kee et al. 2021). We there-
fore model the RSG wind as a steady state wind, making
assumptions about the density distribution and outflow
velocity. Note that this different choice would tend to
make M values higher in our study, whereas we actually
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find slightly lower M values as compared to van Loon
et al.

5. MODEL FITTING

To find a best fit model for each star, we compute a
grid of DUSTY models varying in T3, and 7v for each input
Teg- In each grid, 7y is varied between 0 - 10 in steps of
0.1 and T;, spanning 100 - 1200K in steps of 100K. For
each model, we compute synthetic photometry to match
the observed photometry, taking filter profiles from SVO
Filter Profile Service® and convolving with the SED.

We use x2-minimisation

2
R Pl )
i i
where O is the observed photometry, £ is the model
photometry, o2 is the error and i denotes the filter. The
best fit model is that which produces the lowest value of
x2. Since the errors in this study are primarily driven
by systematics (e.g. SED temperature, extinction law)
it is not appropriate to assume Gaussian errors. In-
stead, we define the errors as the minimum y2+10 (see

Beasor et al. 2020, for further discussion).

5.1. Results

For each RSG in the vL05 sample, we derived M val-
ues using the photometry presented in the Davies et al.
(2018) catalogue®.  Since foreground extinction is
present for each RSG, we de-redden the photometry us-
ing the LMC extinction law from Gordon et al. (2003)
and the corresponding Ay value for each RSG (from the
extinction maps of Zaritsky et al. 2004), also presented
in Davies et al. (2018).

The M values that we calculated for each star in the
vL05 sample are provided in Table 1. Note that in this
work we do not determine luminosity from DUSTY mod-
els, instead we use the values presented in Davies et al.
(2018), which are estimated by integrating under the ob-
served SED under the assumption that any light lost at
shorter wavelengths is re-emitted at longer wavelengths.
While the photometry presented in the Davies et al.
(2018) catalogue is not contemporaneous, it is unlikely
this will have a significant effect on the derived Ly, and
hence M. In extreme cases, RSGs vary in the V, R, K
and mid-IR with amplitudes of around 1, 0.5, 0.25 and
<0.1 mag respectively (Levesque et al. 2007; Yang et al.

5 http://svo2.cab.inta-csic.es/theory /fps/

6 The photometry in the Davies et al. (2018) catalogue, including
WISE and Spitzer data, differs from that used by van Loon et al.
(2005) (ISO, IRAS, Spitzer-MIPS). This may account for some
of the difference in results.
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Figure 3. The best fit model for SP77 46-44. The solid
green line shows the best model fit from this work and the
pink dashed line shows the flux from dust emission.

2018; Ren et al. 2019). It is not clear if RSG variability
is bolometric (i.e. a change in the intrinsic luminosity)
or due to a change in temperature, but if we assume that
variability s caused by a change in overall luminosity at
most we would expect this to be around 0.2 dex. This
level of variability would not have a significant effect on
the derived M (see also Beasor et al. 2018, 2021). We
note, however, that the luminosities determined using
DUSTY are on average only 0.04 dex different from the
Davies et al. results, with the exception of WOH G64
which is 0.3 dex fainter. This is likely due to modelling
the dust as a spherically symmetric shell, whereas WOH
G64 is known to be highly assymetric (Ohnaka et al.
2008). Figure 3 shows an example best-fit model for
SP77 46-44, which is a more typical example. The plot
shows contributions to the output spectrum, including
the dust emission flux (pink dashed line). In the ap-
pendix we show the best fits for all other RSGs in the
vL05 sample.

In Table 1 we also show the previously found best-fit
M values from vLO05. In all cases, we find the best fit
M is slightly lower using the photometry from the up-
dated Davies et al. (2018) catalogue, but still consistent
to within the errors.

For most of the objects in this sample, we are
able to achieve good fits across the full SED. How-
ever for LI-LMC 4, LI-LMC 60, LI-LMC 77 and LI-
LMC 92 we are unable to accurately match the fluxes
at wavelengths shorter than 2pum with effective tem-
peratures above 3400K. We instead found the best
fitting results (i.e. lowest x? values) when using a
2500K SED, which is lower than the expected tempera-
ture range for RSGs (Levesque et al. 2005; Davies et al.
2013; Tabernero et al. 2018). Given their low lumi-
nosities (log(L/Lg)< 5), large pulsational amplitudes
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ID log(L/Le) Te Tin v log(M /Mg yr—t)
DCB18 vL05 DCB18 K K This work vLO05
WOH G 64 — 5450 3400 6007499 17t%  —3.1319% -3.12
HV 12501  — 5.19 3400 5007200 0.507030 —4.947071% -4.79
HV 2360 - 5.15 3400 6007200  1.007030 —4.7670% -4.51
HV 2561 - 5.29 3400 5007200 0.6070%5 —4.817037 -4.47
HV 5870 - 5.02 3400 400750 0.9070% —4.5370% -4.68
HV 888 - 5.48 3400 6007300 0.807930 —4.7075% -4.43
HV 916 - 5.27 3400 6007200 1.00753 4707517 -4.50
HV 986 - 5.10 3400 3007300 0.307595  —4.9915:23 -4.89
HV 996 - 5.13 3400 120077  3.00%535  —4.7570%% -4.28
LI-LMC 4  TRAS 04407-7000 4.63 2500 11001199 7.0073-05  —4.5075-99 -4.15
LI-LMC 60 TRAS 04498-6842 5.04 2500 10001209 3.407550  —4.607519 -4.30
LI-LMC 77 TRAS 04509-6922 4.80 2500 9007100 3.807545  —4.5775 10 -4.45
LI-LMC 92 TRAS 04516-6902 4.90 2500 6007100 4207530 4171513 -4.23
SP77 46-44 - 5.40 3400 6007390 0.40t5915  —5.071518 -4.56

fDue to the non-spherical morphology of the dust shell, the luminosity for WOH G64 is taken from Ohnaka et al. (2008).

Table 1. Results from DUSTY fitting for the RSGs in the vL0O5 sample. We also show the M values presented in vL05.

(dKs >1.2 mag) and long pulsation periods (> 1000
days) it is likely that they are instead luminous AGB
stars. Indeed, they are listed as being Mira type vari-
ables by Groenewegen & Sloan (2018). We note however
that despite difficulty matching the shorter wavelengths,
the objects do not appear to have significant mid-IR ex-
cess (see Fig. 4 and 7).

We do note, however, that the Spitzer IRAC1 & 2
(3.5 and 4.5um) photometry appears discrepant with
the WISE 1 & 2 photometry (3.4 and 4.6um) for these
4 stars. While it is unclear the cause of this discrepancy,
by repeating the model fitting process while omitting ei-
ther the Spitzer or WISE data we found the effect on the
derived M was less than 5%. While the stars do appear
reddened, we stress that is not possible for this to be
due to mass-loss, since it is only possible in extreme
circumstances to lose significant flux at shorter wave-
lengths due to dust absorption without corresponding
excess emission at longer wavelengths (see Fig. 1 and
Kochanek et al. 2012).

6. DISCUSSION

Fitting the SEDs using DUSTY reveals that the vast
majority of RSGs in the vL05 sample (all except one)
have weak mid-IR excess emission and low M values
commensurate with normal RSGs, and low levels of cir-
cumstellar extinction that do not make them seem par-
ticularly enshrouded in dust. The one exception to this
is WOH G64, which is known to have an unusual mor-
phology, and for which we determine a high mass-loss
rate of log(M /M) = —3.13. The circumstellar extinc-
tion from WOH G64’s dust shell (Ay = 7.92 mag) is

also significantly higher than any other objects in our
sample.

Below, we also investigate the DCB sample further to
determine if there are any additional DE-RSGs based
on color selection that might have been missed in the
original RSG-vL sample.

6.1. Identifying new dust enshrouded candidates

We now use observational tracers and the Davies et al.
catalogue to search for other candidate DE-RSGs in
the LMC. To do this, we compare the colour magni-
tude diagrams for the CSGs in the DCB sample and
the vLO5 sample. As dust accumulates around a star,
this dust absorbs flux at shorter, optical wavelengths,
and then re-emits this flux at longer wavelengths (e.g.
Gehrz & Woolf 1971). This causes the stars to appear
reddened at visual wavelengths and to have mid-IR ex-
cess, yielding a very red optical/IR color. We use [K-
WISE3] as a tracer for dust (i.e. redness) and Ly, from
(Davies et al. 2018) for each of the stars in the sam-
ple. We point out the location of the well-known dust
enshrouded star WOH G64, a star which has an ex-
treme morphology (e.g. Ohnaka et al. 2008), and here
has again been shown to have both high circumstellar
extinction and a high mass-loss rate.

Figure 4 shows the position of the stars from the DCB
sample (black circles) and the vL0O5 sample (red circles)
in colour-luminosity space. The Kg-WISE3 colour is
chosen as it provides a long lever arm with which to char-
acterise the mid-IR excess, probing both photospheric
emission (Kg) and dust emission (WISE3). We can see
that there is no clear distinction between the normal
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Figure 4. Colour luminosity diagram used to identify candidate DE-RSGs. The red outlines show the objects originally
included in the vLO05 sample, while the black dots show the objects in the DCB18 LMC catalogue.

RSG population of the LMC or the majority of the pu-
tatively dust-enshrouded RSGs from the vL05 sample.
We identify only 5 additional stars (besides WOH G64)
with high luminosities (i.e. likely RSGs and not AGB
stars) and Kg-WISE3 colours redder than 3.4. We will
now discuss each of these objects in more detail.

6.1.1. LI-LMC 1100

LI-LMC 1100 (also known as IRAS 05280-6910) is
an extremely bright mid-IR and OH/IR maser ob-
ject in the LMC cluster NGC 1984 (Wood et al. 1992;
van Loon et al. 2001). As of yet, the object does not
have a derived spectral type. Asa’d et al. (2017) esti-
mate the age of the cluster to be 7 — 10 Myr from the
integrated light, suggesting that LI-LMC 1100’s initial
mass was roughly 20 — 25M . An age of 7 - 10 Myr is
too old for a very luminous embedded protostar, but it
is just right for a very luminous RSG. ATCA observa-
tions located the source to be very near to another RSG
WOH G 347, but L’ band imaging revealed two separate
sources <5” apart, with WOH G347 contributing only 5
per cent to the total emission in IRAS (van Loon et al.
2005). Consequently, LI-LMC 1100 appears to be the
most reddened object in the LMC, far exceeding the
redness of the famous dust enshrouded RSG WOH G64
(see Fig. 4), which is thought to be enshrouded by a
thick dusty torus (e.g. Ohnaka et al. 2008).

Goldman et al. (2017) discuss LI-LMC 1100 in some
detail, stating that the objects’ unusual polarisation and
complex maser peaks imply it is surrounded by a com-
plex envelope, indicative of extreme mass-loss. Indeed,
VY CMa shows a similary distinct maser profile (e.g.

Cohen et al. 1987) and the morphology of VY CMa’s
CSM is known to be complex, consisting of many arcs
and knots (e.g. Monnier et al. 1999; Smith et al. 2001;
Smith et al. 2009a; Smith 2004; Decin et al. 2016). Due
to its unusual morphology and a lack of clear photomet-
ric data in the mid-IR, it was not possible for Goldman
et al. to derive a reliable M value for LI-LMC 1100.
Nevertheless, we fit the observed SED of LI-LMC 1100
using a coarse DUSTY grid where 7y is between 10 and
30 in steps of 1, and show our best fit SED for the ob-
ject in Fig. 5. We note that while the spherical models
almost certainly do not accurately characterise the ob-
jects’ luminosity, the total dust shell mass should still
be able to be retrieved even if is is strongly asymmetric
(Beasor & Davies 2016, see Section 2.1.5 within). Con-
firmation of the nature of LI-LMC 1100 requires fur-
ther data to be taken, such as high resolution imaging
to measure the flux without contamination from WOH

G347, or infrared spectroscopy to confirm the object as
an RSG.

6.1.2. HD 269953

Davies et al. (2018) list the spectral type of HD
269953 as GO and find log(L/Lg)=5.50, making this
object a yellow supergiant. While it is not an RSG, the
colours indicate it is likely a highly reddened. Follow
up study would reveal whether this is an extreme object
similar to IRC+10420.

6.1.3. [GDN2015] LMC 248

While this object appears red in colour-magnitude
space, the SED fitting returns a best fit M of 107> Mg
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Figure 5. Best fit model for LI-LMC 1100, where the black
crosses represent observed photometry, yellow circles repre-
sent synthetic photometry, the solid green line shows the best
fit DUSTY model and the pink dashed line shows correspond-
ing dust emission. We also show a Spitzer-IRS spectrum
(solid red line) though we do not use this for fitting. sWe
note that despite the low x? value, two photometric points
are clearly discrepant with the best fit model. It is clear
however that if LI-LMC 1100 is an RSG, it is highly extin-
guished, with no visible flux below 1um.

yr~!. Inspection of the SED shows very little optical

extinction caused by CSM, and therefore we do not con-
sider LMC 248 to be dust enshrouded. It may appear
slightly reddened due to temperature (it is an M3.5 spec-
tral type) or line-of-sight ISM foreground extinction and
reddening.

6.1.4. LI-LMC 92

Our best fit model for this object finds M = 10548
Mg yr~!, and inspection of the SED shows minimal flux
loss at shorter wavelengths. We note that the lowest Tog
in our model grid is 3400K, and it was not possible to fit
the entire SED reliably at this temperature. The SED
of LI-LMC 92 likely requires a cooler input Teg, and
since the temperature range for RSGs, while debated, is
considered to be between 3400-4200K (Levesque et al.
2006; Davies et al. 2013) we suggest this object is likely
a luminous AGB star (recall that this is one of the four
likely AGB stars discussed above in Section 5.2).

6.1.5. 2MASS J05302067-6653018

Upon inspection of high-resolution HST visual-
wavelength images of this object, it is clear that 2MASS
J05302067-6653018 is actually a cluster of stars and not
an RSG. It is possible the object is comprised of several
unresolved lower-mass red giants.

Having considered all of the known luminous and red
candidates for DE-RSGs in the LMC, we conclude that
the only confirmed DE-RSG in the LMC is WOH G64,

with LI-LMC 1100 being a strong candidate DE-RSG
that would benefit from additional study. The other
luminous red objects have plausible explanations that
are not DE-RSGs.

6.2. A high mass-loss phase prior to SN

In previous works using RSGs in clusters, we have
shown that when a star arrives at the RSG phase it
is undergoing only weak mass-loss (<107 Mg yr—1),
before evolving up the RSG branch toward SN. As
the star does so, it increases in both luminosity and
M (Beasor & Davies 2016, 2018; Beasor et al. 2020).
While M does increase as the star moves up the RSG
branch, quiescent RSG winds clearly do not climb
steadily up to the levels previously estimated for DE-
RSGs. Beasor et al. showed that quiescent mass-loss
during the RSG phase remains relatively low, with no
RSG observed reaching the same extreme M values as
seen in the van Loon et al. (2005) sample even for the
most evolved RSGs.

While some DE-RSGs do exist in the Milky Way and
LMC, they are rare and must represent a short-lived
or episodic phase of mass loss. But just how short is
this phase, and when exactly does this episodic mass
loss occur? Is it limited to the very end of a star’s life
just before the SN? As noted earlier, there is ample ev-
idence from SNe with dense CSM for short-lived phases
of pre-SN mass loss (Smith 2014). Or instead, do those
episodes of higher RSG mass loss occur intermittently
during the RSG phase? Or do they only occur for a sub-
set of stars with special evolutionary paths (i.e. post-
interaction binaries like merger products and common
envelope phases, for example), or only for certain initial
mass ranges?

The possibility of an enhanced M phase immediately
prior to SN was discussed by Beasor et al. (2020), but
since this phase would likely be short lived, it could be
difficult to observe among the limited sample of RSGs
in clusters. While quiescent mass-loss can likely only
strip away ~1M of material, a short-lived enhanced
M phase (where M >10"*M ¢ yr—!) could have more
impact on evolution if it has a long enough duration of
significantly more than 10* yr.

In this work, our re-appraisal of the Ms of the DE-
RSGs from vLO5 has shown that episodes of extreme
mass-loss that may cause dust-enshrouded phases are
far less common than previously thought. We found
only two candidates for DE-RSGs — WOH G64 and
LI-LMC 1100 — amongst the full sample of 187 known
RSGs in the LMC. From the original sample of 14 pu-
tatively dust enshrourded RSGs, all but one turned out
to be normal RSGs with relatively low mass-loss rates.



10 BEASOR & SMITH

While the true nature of LI-LMC 1100 cannot be con-
firmed without further observation, we include both of
these objects to estimate the fraction of DE-RSGs and
to constrain their expected lifetime. We find that the
DE-RSGs represent only 3% of the LMC RSG popu-
lation. If these objects represent a bona-fide high M
phase that all single RSGs pass through, it would trans-
late to only a tiny fraction of the RSG phase lasting
only about 10,000 yr or less. Even extreme M (on the
order of that experienced by WOH G64) over this length
of time would probably manage to rid the star of only
~1-2M o material, and would have little impact on the
subsequent evolution, regardless of exactly when it oc-
curs in the evolution. Of course, this line of reasoning
overlooks the lack of a physically motivated explanation
for a sudden and temporary superwind phase in single
RSGs. On the other hand, if the very rare DE-RSGs
correspond to special evolutionary histories like post-
merger objects, then this DE-RSG phase might not be
relevant for single RSGs at all.

6.3. Optical reddening of RSGs from CSM

The mass-loss undergone by the DE-RSGs leads to
the build up of dust surrounding the star, which can
potentially obscure the star at optical wavelengths. As
defined in Section 2, we expect a true DE-RSG to have
optical CSM extinction of Ay > 2.3 mag, correspond-
ing to a factor of ~10 reduction in its visual-wavelength
flux. Previous works (e.g. Massey et al. 2005) have sug-
gested that even at low M values (< 1078M g yr—1) the
optical extinction from CSM can be as high as Ay = 6
mag. This is not possible with steady, spherical winds
with such low mass-loss rates, and would require a past
episode of high mass loss. In Fig. 6 we show the distri-
bution of CSM Ay values for the DE-RSGs (red shaded
region) and the LMC population of M-type stars (black
solid line). From this plot, it is clear that the vast major-
ity of RSGs do not appear significantly obscured by the
CSM. Furthermore, the previously proposed DE-RSGs
do not stand out as a unique group, and instead mostly
have Ay values commensurate with the M-type popu-
lation as a whole. This is also demonstrated by the
right-hand plot of Fig. 6, which shows the cumulative
distribution of extinction values for each sample. For
example, around 40% of the original vL0O5 sample and
more than 90% of the full RSG sample have no signifi-
cant extinction at all (i.e. less than 0.2 mag of optical
extinction). Comparing these samples yields a KS-test
probability of 0.93, strongly implying that the vL.05 sam-
ple and the rest of LMC RSGs are drawn from the same
distribution. This is consistent with their distribution
of various IR colours, which are also intermixed with

normal RSGs. (We highlight the location of the 4 ob-
jects that are likely luminous AGB stars with diagonal
black lines.) The one glaring exception is the extreme
red object WOH G64, which we find to have an optical
extinction of 7.9 mag, consistent with this star being the
only bona fide DE-RSG in the LMC (and one candidate
DE-RSG, LI-LMC 1100).

6.4. Possible effects on the appearance of SNe

While these high mass-loss phases are unlikely to
cause single stars to end their lives as H-poor SNe,
it could possibly change the appearance of the result-
ing H-rich SN. RSGs have been confirmed as the di-
rect progenitors to Type II-P SN (e.g. Smartt et al.
2009; Maund & Smartt 2005), but if extreme and short-
lived M episodes are a common precursor to SNe
(Forster et al. 2018; Morozova et al. 2017) a major out-
burst would allow a significant mass of circumstellar ma-
terial (CSM) to remain close to the star upon explo-
sion. There are two important observational ramifica-
tions of this for SNe. First, SN progenitors surrounded
by a compact shell might suffer additional extinction
beyond the amount of interstellar line-of-sight extinc-
tion inferred from the SN itself (i.e. using interstellar
Na 1 D absorption in the SN spectrum), since this in-
nermost CSM dust would likely be destroyed early. If
directly detected in pre-explosion archival data at visual
wavelengths, such SN progenitors might have their lu-
minosity and initial mass significantly underestimated.
Second, the SN shock wave would then have to travel
through this dense shell, changing the appearance of the
SN, potentially allowing narrow H lines to form in the
spectrum and therefore making it appear as a Type IIn
event for some time. (Note that even if this final mass-
loss phase can shed the entire H envelope in the last
~1000 yr of the star’s life, it is still unlikely to produce
a SN Ibc, because the H envelope that was just shed by
a slow wind is still close enough to the star to make it
appear as a Type IIn due to the ensuing CSM interac-
tion.) It has been suggested that extreme dusty RSGs
such as VY Canis Majoris (VY CMa) could be direct
progenitors to Type IIn SNe, rather than exploding as
Type II-P events (Smith et al. 2009a,b).

6.5. Implementation in stellar evolutionary models

Despite the vLO5 prescription being derived solely
from stars thought to be dust enshrouded and hence
representing a specific phase in evolution, as opposed
to being representative of the entire RSG population,
the prescription has been implemented in a number of
stellar evolutionary models (e.g. Vanbeveren et al. 2007;
Ekstrom et al. 2012; Chieffi & Limongi 2013).
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In each of these models, it is found that relatively low
mass (~20M ) single stars are able to shed their en-
velopes during the RSG phase, and evolve to the blue of
the HR diagram where they will end their lives as Type
Ibc SN. However, this blueward evolution results from
the use of persistent enhanced mass-loss rates, which do
not reflect the mass-loss rates of real RSGs.

It has been shown that quiescent mass-loss during the
RSG phase is actually rather weak (Beasor et al. 2020),
only stripping up to ~1M g of material prior to SN. This
is far below the threshold required to cause blue-ward
evolution, because blueward evolution requires almost
the entire H envelope to be shed. One might then spec-
ulate that an enhanced, high M phase may exist, repre-
sented by the DE-RSGs, in which a prolonged outburst
could cause a star to shed a high fraction of its envelope
in a relatively short amount of time (10* yr). Here, we
find only 1 confirmed DE-RSG, with the other objects
in the original vL0O5 sample having normal RSG mass-
loss rates. Searching the Davies et al. (2018) catalogue
of CSGs in the LMC yields one other candidate, LI-
LMC 1100. If these two objects do represent a specific
phase in stellar evolution, during which RSGs undergo
extreme levels of mass-loss, it must be extremely short
lived (~10* yr” ) and would only be able to peel away an

additional <1M g of material.® This effectively rules out
the single-star scenario for the production of post-RSG
stripped stars and Type Ibc SN.

In single-star evolutionary models of roughly 20 - 30
Mg, stars, any post-RSG phase as an LBV or a WR
is likely an artifact of using the unrealistically high
M-prescription from vLO05 (e.g. Ekstrom et al. 2012;
Chieffi & Limongi 2013) for a sustained period of time.
In addition, when comparing the DE-RSGs to all M-
type supergiants in the LMC, we show in Fig. 7 that
the DE-RSGs from vL05 do not stand out as a distinct
group of stars in any colour-magnitude space, thus mak-
ing it unlikely that they represent a specific phase of
single stellar evolution?. We also calculate M values for
the entire LMC M-type star population and again, the
vLO05 sample do not clearly stand out as a unique group
of objects in this space, see Fig. 8. We also plot the vL05
mass-loss rate prescription for DE-RGs in Fig. 8, where
it can be seen that this prescription is not representative
of either the DE-RSGs or the RSGs as a whole. Instead,
the vLO5 prescription is significantly above most of the
proposed DE-RSGs, representing an upper threshold to

8 From this study, it is not clear whether these DE-RSGs do repre-

7 WOH G64 and LI-LMC 1100 represent only 3% of the RSG pop-
ulation in the LMC, and if we assume the RSG phase is 106 yrs
(Georgy 2012, e.g.) then the DE-RSG phase would last on the
order of 10% yrs.

sent a real, short-lived phase for single stars, or whether they are
the product of unusual evolutionary paths such as post-mergers,
mass-transfer systems, or common envelopes.

9 While the TRAC3 - IRAC4 colour does show 4 objects as being
significantly reddened compared to the general population, these
are the 4 suspected AGBs. When considering only stars with
luminosities about log(L/Lg)=5.0, i.e. those which are definitely
RSGs, there is no clear distinction between the vL05 sample and
the M-type population as a whole.
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the main group, exceeded only by the four AGB stars
and WOH G64.

Given this, we suggest that the vLO5 prescription or
other recipes for “enhanced” RSG mass loss should not
be employed in single-star evolutionary codes. Single
star codes with such high mass loss will produce erro-
neous outcomes. Without invoking this high mass-loss,
RSGs in single-star models will not be able to produce
post-RSG LBVs, BSGs, and WR stars. With single-
star channels unable to make stripped stars via wind
mass loss, we suggest that all Mzams < 40Me progeni-
tors to stripped-envelope SNe (Types Ibc and ITb) come
from binary evolution. This is consistent with several
lines of evidence from studies of SE-SNe (Drout et al.
2011; Smith et al. 2011; Hachinger et al. 2012; Smith
2014; Lyman et al. 2016). Whether or not initially more
massive single stars can yield WR stars via wind mass
loss is a separate topic that is not constrained by our
work here, since those stars do not evolve through a
RSG phase.

7. CONCLUSIONS

In this paper we have analyzed the SEDs and re-
appraised the mass-loss rates for the proposed sam-
ple of DE-RSGs from van Loon et al. (2005) using the
updated LMC CSG catalogue of Davies et al. (2018).
Specifically, we examined the 14 RSGs with luminosity
above 10*% Ly in this sample, all of which are also in-
cluded in the DCB catalogue. Using DUSTY modelling,
we find that only one (WOH G64) of the original 14
RSGs in the vLO05 sample actually has substantial mid-
IR excess or circumstellar extinction. From our work,
the main conclusions and implications are:

e We identify only one RSG in the LMC that can be
confirmed as truly dust enshrouded (WOH G64),
with a mass-loss rate exceeding 1074 Mg yr—1.
We also identify one other DE-RSG candidate (LI-
LMC 1100) that was not included in the original
sample of proposed DE-RSGs. The nature of LI-
LMC 1100 cannot currently be confirmed without
further observation, but from a color-luminosity
plot, the object can be identified as being luminous

and extremely red. It’s position within a 7 — 10
Myr old cluster suggests that it is not an embedded
protostar.

e The rest of the objects in the original vL05 sam-
ple cannot fairly be described as DE-RSGs, and
instead appear to be normal RSGs with little mid-
IR excess and relatively low mass-loss rates.

e Including both of the above objects, we classify
only 3% of the RSG population in the LMC as
dust enshrouded. This severely restricts the du-
ration and evolutionary role of dust-enshrouded
phases. If this is an evolutionary phase undergone
by all RSGs, we find that it must be extremely
short lived (<30,000 yrs) and would only be able
to remove up to 1-2M ¢ of material. This is not
enough to drive a single star back to the blue of
the HRD.

e Overall, this means that low-luminosity WR stars,
blue supergiants, and LBVs are unlikely to arise
from post-RSG evolutionary phases in single stars.
It also means that the relatively low initial
mass progenitors of Type Ibc and Type IIb SNe
(Mzams < 40Mg) cannot form via a single-star

~

pathway.

o We suggest that the prescription of vL05 does not
describe a truly persistent high mass-loss phase ex-
perienced by RSGs, and hence should not be imple-
mented in single-star evolutionary models, unless
one wishes to use models to investigate effects of
a hypothetical, short-lived burst of mass loss prior
to SN.
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APPENDIX

Here we present the results of dust shell modelling for all 14 RSGs included in this study, Figs. 7 & 8. In these
figures, the black crosses represent the observed photometry, synthetic photometry is shown by the yellow circles, the
solid green line shows the best DUSTY model fit and the pink dashed line shows the flux from dust emission only. We
also show Spitzer-IRS data where available, indicated by the solid red line, which is generally well matched by the
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Figure 7. Colour luminosity diagrams used comparing the distribution of the vL05 DE-RSG sample to all M-type supergiants
in the DCB18 catalogue. The red outlines show the objects originally included in the vL0O5 sample, while the black dots show

the objects in the DCB18 LMC catalogue.

best-fit models and photometry. In all cases we see that the mid-IR excess is weak, implying lower mass-loss rates than
found by van Loon et al. (2005). For LI-LMC 4, LI-LMC 60, LI-LMC 70 and LI-LMC 92 we were not able to fit both
the short and long wavelength flux, probably because these stars are AGB stars with lower photospheric temperatures
than the RSG temperatures used in our model grid, but it can be seen from the 10um emission that the dust shell

mass is low.
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Figure 9. The best fit model for each of the putative DE-RSGs. The solid green line shows the best model fit from this work
and the pink dashed line shows the flux from dust emission. Where available, we also show Spitzer-IRS data (solid red line)
though we do not use this for analysis.
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