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Abstract. We present the analysis of infrared photometry and
millimeter spectroscopy of a sample of 74 late-type supergiants.
These observations are particularly suitable to study the mass
loss and the circumstellar envelopes of evolved massive stars.
In particular, we quantify the circumstellar infrared excess, the
relation of mass loss with stellar properties, using the K-[12]
colour index as mass-loss indicator. We do not find any clear
correlation between mass loss rate and luminosity. We also show
that the K-band magnitude is a simple luminosity indicator, because of the relative constancy of the K-band bolometric correction.
Key words: stars: circumstellar matter – stars: mass-loss – stars:
supergiants – infrared: stars

1. Introduction
Red supergiants represent a key-phase in the evolution of massive (10 . Minit . 40 M ) stars, preceding Wolf-Rayet stars
and/or supernovae. A good knowledge of their properties is
necessary to compute reliable stellar evolutionary tracks and
population synthesis models. For example, they are expected
to represent the main 2 µm emitters in the central regions of
active galaxies (e.g. Devereux 1989). Furthermore, because of
mass loss during this phase, they play an important role in the
chemical enrichment of the interstellar medium. Finally, thanks
to their short lifetime and high luminosity, they can be used
as tracers of galactic structure like spiral arms. As their luminosity peaks in the near-infrared, they are particularly suitable
to probe regions affected by high interstellar extinction. Basic
characteristics of these objects are summarized in Table 1.
The problem of mass loss of massive stars is very complex.
Although circumstellar shells in expansion around supergiants
Send offprint requests to: josselin@oan.es
?
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Tables A1 to A3 are only available in electronic form at the
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http://cdsweb.u-strasbg.fr/Abstract.html

Table 1. Characteristics of red supergiants of our Galaxy and Magellanic Clouds (from Humphreys 1986).
Spectral Type
Effective temperature
Luminosity
Mass
Radius
Mass-loss rates

K, M
< 4000 K
104 -5 105 L
10-50 M
300-2000 R
10−7 -10−4 M /yr

have been detected a long time ago (see e.g. Adams & MacCormack 1935, for α Ori and α Sco), the understanding of mass loss
in massive stellar evolution is still lacking. A better understanding of the physics of this phenomenon may be the key to solve a
number of outstanding problems in massive star evolution (see
Langer & Heger 1998 for a recent review). Among these problems are the prediction of the observed blue-to-red supergiant
ratio or the explanation of the blue colour of the progenitor of
SN 1987 A (Woosley et al. 1987). Indeed, mass loss must play
a key-role in the occurence of the “blue loop” in the evolutionary track of evolved massive stars (Chiosi & Maeder 1986).
Anyhow, according to theoretical studies, the uncertainty on the
mass loss rate may be as high as a factor of 10 (Woosley et al.
1993). Indeed, the process of mass loss is poorly understood.
Magnetic fields, κ-mechanism and acoustic waves have been
successively invoked to explain it, but none of these theories
is completely satisfactory. Effects of stellar rotation may also
be important (Langer & Heger 1998). Observational constraints
are then needed.
Because of their low effective temperature and the presence
of a cold circumstellar envelope, infrared and radio observations are particularly adapted to the study of M supergiants. The
present paper presents the analysis of infrared photometry and
millimeter spectroscopy of a sample of 74 late-type supergiants.
2. Sample and observations
Humphreys (1978) presented a catalogue of over 1000 supergiants and bright O stars in OB associations, giving B and V
magnitudes, spectral types, distances and visible extinctions.
From this catalogue, Stencel et al. (1989) selected all supergiants

226

E. Josselin et al.: Observational investigation of mass loss of M supergiants

Table 2. Characteristics of the filters used for the observations with
IRAC1 (Lidman & Clements 1997) and TIMMI (Käufl et al. 1992).
Filter

λc
(µm)

∆λ
(µm)

J
H
K
L0
N1
N2
N3

1.25
1.65
2.20
3.75
8.39
9.78
12.56

0.30
0.30
0.40
0.70
0.96
1.29
1.41

Table 3. Characteristics of the detectors used for radio observations.
Antenna temperatures have been converted to main-beam brightness
temperatures according to Tmb = TA /η (η = forward efficiency/mainbeam efficiency).
Line
CO(1–0)
CO(2–1)
HCN(1–0)
SO(6–5)
SiO(3–2)
CS(3–2)

Telescope

η

FWHM

IRAM
SEST
IRAM
IRAM
SEST
IRAM
SEST
SEST

0.73
0.70
0.45
0.73
0.75
0.48
0.68
0.66

20.900
45.000
10.400
27.000
57.000
10.900
40.000
34.000

of spectral types F0 through M5, which represent a sample of
111 stars, of which 77 are of spectra type M. They tabulated
IRAS data from which they examined the circumstellar shells
of these objects.
Our sample is made up of 65 of these 77 M-type supergiants and 9 of the F to K supergiants from Stencel et al. (1989)
catalogue, which were observed by ourselves or found in the
literature. Their properties are given in Tables A1 and A2 in the
appendix.
2.1. Infrared observations
Infrared photometry was found for 46 of the M-supergiants in
the Gezari et al. (1993) catalogue (see Table A2).
Additional infrared photometry was obtained at ESO (La
Silla, Chile) in February 1995 for 24 objects. Near-infrared
photometry (J, H, K and L0 bands) was obtained with IRAC1
at the 2.2m telescope, while mid-infrared photometry (N1, N2
and N3) was obtained with TIMMI at the 3.6m telescope. The
characteristics of the filters are given in Table 2. The infrared
standards were taken from van der Bliek et al. (1996). The data
were reduced using the Munich Image and Data Analysis System (MIDAS; ESO 1991). The precision of near-infrared photometry is about 2%. For TIMMI observations, the precision is
lower (rms ∼ 0.3 mag). The results of the observations are summarized in Table A1. No attempt was made to bring published
data and our observations to a common photometric system.
Given the supposed low variability of supergiants (∆K ∼ 0.2

Fig. 1. Comparison between published and our K-band observations.
The plotted sources are, from left to right, HD 143183 (observed by
Humphreys & Ney 1974), TV Gem (Kenyon 1988), HD 37536 (Lee
1970), BU Gem (Kenyon 1988), V396 Cen (Humphreys & Ney 1974),
IC 2944 (Epchtein et al. 1987), HD 100930 (McGregor & Hyland
1984), CPD-57 3502 (McGregor & Hyland 1984) and CD-60 3621
(McGregor & Hyland 1984).

mag), the comparison with previous observations given in Fig. 1
shows that this should not affect our analysis.
The data have been corrected for interstellar extinction with
the values of AV given in Humphreys (1978) and Aλ /AV values
from Rieke & Lebofsky (1985).
2.2. Radio observations
Radio observations were performed in December 1994 with
the IRAM–30m–telescope (Pico Veleta, Spain) and in February
1995 with the SEST (ESO, Chile). We observed the CO(1–0),
CO(2–1), SiO(v=0,J=3–2), HCN(1–0), SO(6–5) and CS(3–2)
lines. The characteristics of the detectors are given in Table 3.
Observations at SEST and at IRAM were done in positionswitching mode, with a throw of ∼ 20 in both cases. The data
were reduced using the Continuum and Line Analysis Simple
Software (CLASS; Grenoble Observatory and IRAM).
The detection rate of molecular lines toward red supergiants
is very low. Apart from the case of VY CMa, only the CO(2–1)
and SiO(3–2) lines have been detected in a few objects. The
parameters of radio observations are detailed in Table A3 in
the appendix. Two objects we did not observe were previously
detected in molecular lines: TV Gem (CO(1–0); Heske 1990)
and HD 143183 (SiO(v=1,2–1); Haikala et al. 1994).
3. Analysis
The colour-colour diagrams obtained by combining nearinfrared photometry with optical magnitudes given by
Humphreys (1978) and IRAS data are shown in Fig. 2. The [12]
magnitude is calculated from the 12 µm IRAS flux:
[12] = −2.5 × log(S12 /28.3)
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Fig. 2. Colour-colour diagrams for the objects studied in this paper. Open circles correspond to previous observations (data and references in
Table A2), filled circles to our observations (data in Table A1), squares to F to K supergiants (Tables A1 and A2), and the star symbol to the
model of a M1 I supergiant without circumstellar envelope (Fluks 1998).

(see IRAS Explanatory Supplement). The C21 colour is defined
as
C21 = log(12 × S25 )/(25 × S12 )
The observed colours are compared to the ones obtained for a
synthetic spectrum of a M1 I supergiant without circumstellar
shell (Fluks 1998; star symbol in Fig. 2).
3.1. Mass loss of massive stars
Mass-loss rates can in principle be estimated from the circumstellar infrared (λ > 1 µm) excess generated by the presence of
the circumstellar envelope. The comparison between observed
spectral energy distribution (SED) and the photospheric spectrum of Fluks (1998) shows that this infrared excess represents
at most about 20% of the total energy radiated and becomes
noticeable at λ & 3-4 µm. This last fact may reflect a low dust
condensation temperature and/or the rapid cooling and dilution
of the envelope because of its high expansion velocity. We now
discuss different methods to estimate mass-loss rates.
3.1.1. Estimations based on near- and mid-infrared data
If we follow the criterion from Stencel et al. (1989) who assume
a colour index V − K > 6 for mass-losing objects, about half

of the sources in our sample experience noticeable mass loss.
This criterion corresponds to K-[12] & 1.5 (see Fig. 2), or L[12] & 1. The photospheric spectrum of a star of spectral type
M1 i (Fluks 1998) gives V − K = 4.82, K-[12] = 0.18, and
L-[12] = 0.02, so that the criterion in Stencel et al. may be a bit
conservative, in particular for the bluer objects. Furthermore,
as shown above, the K-band emission seems to be essentially
photospheric. Thus, we expect that the K-[12] colour is a better
indicator of mass loss. The sensitivity of the IRAS-12 µm band
to the dust composition (silicate and SiC bands) must not affect
the results, as all supergiants are oxygen-rich, as confirmed by
LRS types (Tables A1 and A2). Only two objects are puzzling,
AD Per and HD 37536, which display LRS types typical of
carbon-rich circumstellar material (44 and 43, respectively). For
both of them, the LRS spectra are noisy and the dust emission
band is weak, so that they may have been misclassified (see
Omont et al. 1993a for a discussion on such misclassifications).
Another colour, the IRAS C21 colour, is also often used to
estimate mass-loss rates, in particular for AGB stars, as it is considered as a good indicator of circumstellar opacity. Fig. 2 shows
that it displays little correlation with K-[12]. In particular, at
C21 ' −0.5, the K-[12] colour displays a large dispersion.
This could be linked with different conditions of dust condensations in AGB stars and red supergiants or smaller extent of
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Fig. 4. Comparison between the observed spectral energy distribution
(dots for the bands B, V , J, H, K, L, IRAS-12 µm, IRAS-25 µm and
IRAS-60 µm), the photospheric spectrum (Fluks 1998; dashed line)
and the result of radiative transfer for BU Gem with Ṁd = 7 × 10−10
M /yr (solid line).

Fig. 3. Dust mass-loss rate (derived from the K-[12] colour) as a function of the bolometric magnitude and effective wavelength. Same symbols as in Fig. 2.

the envelope. By the way, also Habing in his review (1996) indicates that C21 is not such a good indicator of mass loss (for
AGB stars), especially for small mass loss rates (< 10−6 M
yr−1 ).
The question of the use of the K-[12] colour to estimate
dust mass-loss rates (Ṁd ) has already been addressed for AGB
stars by Whitelock et al. (1994). Before applying the relation
they found between Ṁd and K-[12], we modified it to take into
account the average difference of expansion velocities: 10 km
s−1 for AGB stars, according to Whitelock et al. (1994), 25 km
s−1 for +supergiants, assuming a linear dependence between
Ṁd and vexp (Jura 1986). This gives
log(Ṁd /M yr−1 ) = 0.57 × (K − [12]) − 9.95
The adopted value for vexp , average of the values found from
our radio observations (see Sect. 3.3), also corresponds to values observed for infrared supergiants, i.e. those who experience
stronger mass loss (see Josselin et al. 1998).
The reliability of the obtained values of Ṁd was checked
with detailed radiative transfer calculations with the model of
Groenewegen (1993) for the subsample of M1 supergiants. This

choice is justified by the availability of a stellar synthetic spectrum of this spectral type (Fluks 1998), preventing us from using
a simple blackbody approximation, much less reliable, and the
fact that a large range of Ṁd is met in this subsample. The main
free parameters are the mass-loss rate, the expansion velocity
(when not measured in radio) and the dust condensation temperature. The program then gives a SED to be compared with
the observed one and the dust optical depth (τλ ∼ Ṁ /Rin vexp ,
where Rin is the inner radius of the circumstellar envelope).
Mass-loss rates derived in this way are consistent with those
derived from the (K-[12],Ṁd ) relation, within a factor of 2.
Fig. 4 shows an example of the spectral energy distribution of a
M1 supergiant of our sample together with the synthetic stellar
spectrum of the same spectral type and the result of the radiative
transfer calculation.
The values obtained for Ṁd are compared to the absolute
bolometric magnitude (when a distance modulus is available)
and to an “effective” wavelength, as shown in Fig. 3. The absolute bolometric magnitude was obtained by integrating with a
cubic spline the emission from B-band to IRAS-60µm
band,
R
R and
the effective wavelength is defined as λeff = ( λFλ )/( Fλ )).
The nice correlation found between Ṁd and λeff (Fig. 3) is
not surprising, as K-[12] and λeff are both indicators of the opacity of the envelope. More interesting is the fact that there is essentially no correlation between Ṁd and Mbol , over a relatively
large range of luminosity (∼ 3 mag). As evolutionary tracks
without rotation predict an evolution at almost constant luminosity, this could also indicate that mass loss is independent of the
initial mass of the star. However, a distribution of rotation rates
would induce a spread in main sequence luminosities (Langer &
Heger 1998), making this deduction uncertain. No correlation
appears if we separate the different spectral subtypes, indicating
that Reimers (1975) formula (Ṁ ∝ L/(g×R) ∝ (L×R)/M )
may not apply to red supergiants. Anyhow, the values of Ṁd
may be subject to large uncertainties. For example, the mass
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Table 4. Gas mass-loss rates estimates based on CO(2-1) emission and
gas-to-dust ratio (χ).
Object
S Per
W Per
VY CMa
µ Cep
PZ Cas

Fig. 5. Comparison between dust mass-loss rates estimated from the
(K-[12]) colour and from Jura (1986) formula.

loss estimators we used assume spherical symmetry, which is
probably not the case at least for some objects (see e.g. Kafatos
& Michalitsianos 1979, for the cases of S Per, TV Gem, α Sco,
BI Cyg, BC Cyg, RW Cyg, µ Cep and VV Cep).
The lack of correlation between Ṁd and the luminosity is
in contradiction with what is expected for evolved low-mass
stars and it is in opposition with some theoretical works, such
those about Magellanic Clouds supergiants (see Salasnich et
al. 1999, and references therein). In this latter case, the (Ṁ ,
L) relation is a synthesis between (Ṁ , period) and (period, L)
relations. But many galactic M supergiants are known to be
irregular variables. Such a relation is then not relevant (see also
the discussion about VY CMa in Sect. 3.3). In fact, this model,
as many other ones, is an extrapolation of those about AGB stars,
assuming identical processes, while pulsational properties are
known to be different.
It is worth recalling here that our sample is essentially made
of supergiants with optically thin envelopes. The results given
above may then not be extrapolated to objects during an eventual
“superwind” phase.
3.1.2. Other estimators
Mass-loss rates of AGB stars are commonly estimated from
the IRAS 60 µm flux S60 , assuming that this reflects the dust
emission (Jura 1986), or from the the CO(1-0) line intensity,
assuming that all carbon is in form of CO in an oxygen-rich
medium, within the limits of photodissociation by interstellar
UV radiation (Knapp & Morris 1985; Loup et al. 1993).
Fig. 5 shows the comparison between the estimation of Ṁd
based on the (K-[12]) colour, as detailed above, and the one
based on Jura formula:

2
d
vexp
λeff 104 L
M /yr
Ṁd = 2.1 × 10−9
10 km/s 1 kpc
1 µm S60
(where d is the distance, given by Humphreys 1978, and λeff is
the mean wavelength of radiation of dust). It appears that the
last one is systematically greater than the first one. First of all,

Ṁg (CO)
(M /yr)

χ

1.4 × 10−6
9.0 × 10−7
1.6 × 10−5
9.1 × 10−8
8.3 × 10−6

86
167
77
65
776

one should keep in mind that Jura’s formula was established
for carbon stars. The mass opacity is the main parameter which
takes into account the effects of different dust compositions.
The above formula assumes κ(60 µm) = 150 cm2 g−1 . If this
value is not appropriate, this would result in a systematic difference between both mass-loss rates estimates, but it cannot
explain the observed dispersion. More important, as the sample
considered here contains mainly objects with optically thin envelopes, the 60 µm flux is dominated by the stellar contribution,
as demonstrated by Groenewegen & de Jong (1998). Following
their calculation (their Fig. 4), the stellar 60 µm flux would represent more than half of the total flux in this band for at least 20%
of the objects in our sample. Furthermore, regarding their low
galactic latitude, interstellar contamination in the far-infrared
may be not negligible. Altogether, the use of Jura (1986) formula with the assumption that S60 only traces the circumstellar
dust shell must lead to an overestimation of the dust mass-loss
rate, which explains the observed discrepancy in Fig. 5.
We also estimated the gas mass-loss rate from CO emission
for the five objects which were detected. From Olofsson et al.
(1993),
Ṁg = 1.4

2
Tmb vexp
d2 B 2
0.85 s(J) M /yr
2 × 1019 fCO

where Tmb is the main beam temperature in Kelvin of the (J,J1) transition, d the distance in pc, B the FWHM size of the
telescope beam in arcsec (see values in Table 3), fCO the CO
abundance relative to H2 (we took fCO = 5 10−4 , a typical value
for oxygen-rich stars) and s(J) a correction factor. s(J=1) = 1 and
s(J=2) equals the ratio between the average integrated intensity
ratio I(J=2-1)/I(J=1-0) and the square of the beam width ratio
at both frequencies. Estimates given in Table 4 are based on the
(J=2-1) line. We adopted a value of 4 for the I(J=2-1)/I(J=10) ratio, which corresponds to the optically thin limit and is in
agreement with the upper limits found for the (J=1-0) line (see
Sect. 3.3). One may note that a value of 5.5 is observed for VY
CMa, the only object detected in both CO lines, but dilution
effects and the fact that this object may be slightly resolved
have to be taken into account before converting this ratio into
the intrinsic one.
It is known that many supergiants have an active chromosphere which produces photodissociating ultraviolet radiation
(see e.g. the case of α Ori, Glassgold & Huggins 1986). Then,
considering that carbon is essentially in the form of CO, as assumed when taking a “standard” value of 5 × 10−4 for fCO ,
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Fig. 6. Correlation between K-band and bolometric magnitudes (all
magnitudes are corrected for interstellar extinction).

Fig. 7. Bolometric correction in the K-band versus (J − K) (all magnitudes are corrected for interstellar extinction).

will lead to an under-estimation of the gas mass-loss rate (see
Josselin et al. 1998 for other possible effects). Indeed, if we estimate the gas-to-dust ratio by comparing the values of Ṁg with
Ṁd obtained from the (K-[12]) colour (Table 4), we obtain very
low values, except for PZ Cas, compared with what is generally
assumed for AGB stars (χ ∼ 200).

quite poor. Nevertheless, this low detection rate may be partly
due to the low mass-loss rates measured in our sample. Among
the rare detections, the CO(2-1) and SiO(3-2) are the most frequent. But because of their low galactic latitude, many CO and
HCN observations are affected by interstellar lines, so limits on
molecular abundances are difficult to derive.
Concerning CO, the observed ratios ICO(2−1) /ICO(1−0) are
greater than 4. This is characteristic of optically thin envelopes
and suggests a radiative excitation of this molecule (see e.g.
Groenewegen et al. 1997). Furthermore, these low opacities offer little protection against photodissociation of CO by chromospheric and/or interstellar UV radiations and then, explain at
least partly the weakness of the CO lines.
The SiO(v=0,J=3–2) thermal line is detected in VY CMa
and EV Car. Furthermore the SiO(v=1,J=2–1) maser line was
detected in HD 143183 (Haikala et al. 1994). EV Car and HD
143183 are not detected in CO, so the circumstellar gas should
be essentially in atomic form. Then, SiO emission may reveal
very low depletion of Si on grains and/or eventually the occurrence of shocks in the inner envelopes, where SiO would be
more protected against photodissociating radiation.
No object was detected in the CS(3–2) line and only one in
the HCN(1–0) line (VY CMa, see hereafter). Both molecules
may result from photochemical processes. Furthermore, when
detected in O-rich circumstellar envelopes, the CS emission is
always very weak (Omont et al. 1993b and references therein).
In all detections, the expansion velocities are relatively high
(& 18 km s−1 ), compared to values usually observed for AGB
stars. Radiation pressure is usually invoked to explain this gap,
but the low surface gravity of supergiants combined with a large
inner radius of the circumstellar envelope may be an alternative
explanation.

3.2. Indicator of luminosity and bolometric correction
The comparison between the bolometric magnitude and the
K-magnitude, corrected for interstellar extinction, is shown in
Fig. 6. A relation appears:
mbol ' mK − 3
similar to the relation found by Groenewegen (1997) for AGB
stars. One object, HD 74180, shows strong departure from this
relation. The weakness of its IRAS fluxes (S25 = 2.81 Jy, S60 <
0.72 Jy) makes uncertain the determination of the infrared luminosity.
Fig. 7 shows an example of a search for a possible dependence of the bolometric correction on the (J − K) colour. It is
zoomed on the 0.5 ≤ (J − K) ≤ 1.5 interval, where most of
the M-supergiants are concentrated (see Fig. 2). A general trend
appears, but with a relatively weak correlation coefficient. The
J-band contains many molecular bands (in particular CO and
OH; see Lançon & Rocca-Volmerange 1992), which may be
very sensitive to effective temperature and metallicity and thus
explain the observed dispersion.
We also note that no star is brighter than MK = −12 mag,
or Mbol = −9.5 mag, as expected by Humphreys (1986). This
limit has been explained by de Jager (1991) as a stability limit
by dissipation of energy, preventing the most massive stars from
reaching the M-type region.

3.3.1. VY CMa
3.3. Molecular content of the circumstellar envelopes
Regarding the large number of non-detections in Table A3, the
molecular content of the envelopes of red supergiants appears

A case of particular interest is VY CMa, which has been detected
in four molecules: CO, HCN, SiO and SO. A striking point is the
apparent large dispersion of the expansion velocity as a function
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of the molecular line. This could reflect differences in signalto-noise ratio. But if this is real, this probably indicates large
inhomogeneities in the envelope, with the occurence of rapidly
expanding blobs in the internal envelope. Indeed, the largest
observed value of vexp correspond to SiO, which is believed
to form closer to the star than CO. Furthermore, the molecular
lines shown in Fig. A.1 have complex profiles, with multiple
peaks. Then, the mass loss process is certainly not spherically
symmetric, as already suggested from the VLA map of the OH
1612 MHz maser emission (Bowers et al. 1983), and not linked
with radial pulsations: VY CMa is known as an irregular variable of small amplitude (type Lc, ∆V = 0.90 mag), while the
observed mass-loss rate is important (& 10−5 M /yr). Stencel
et al. (1989) already suggested that turbulent processes rather
than regular pulsations may be at the origin of mass loss.
Concerning its circumstellar chemistry, as already stressed
by Bujarrabal et al. (1994), the most striking point is the strength
of the HCN(1-0) line in an O-rich medium. This molecule is
probably the result of an active photochemistry, induced by either chromospheric or interstellar UV radiations (Nercessian et
al. 1989).
3.4. F, G and K supergiants
Our subsample of yellow supergiants is too limited to draw out
some definite conclusions. Furthermore, most of them are rather
weak IRAS sources. Then, together with possible interstellar
contamination because of the low galactic latitude of these objects, mid-infrared colours (Fig. 2) may be subject to quite large
uncertainties.
Only one, namely HR 5171a, seems to have a relatively high
mass-loss rate, from its K-[12] colour. But its near-infrared
colours (e.g. J − K) are here again essentially photospheric.
This is also one of the brightest sources, with a luminosity close
to the Humphreys-de Jager limit (Mbol ' −9.1 mag). Then, it
could also be one of the most massive stars in our sample. We
tentatively detected SiO emission at the 2σ level at VLSR ' 41
km s−1 .
Because of no noticeable circumstellar infrared excess, the
other objects may be on the blue-to-red evolution path, if we
assume that all supergiants lose mass during the red phase.
4. Conclusion
From the analysis of infrared and millimeter observations of
74 late-type supergiants, we derived some interesting properties of massive stars and their circumstellar envelopes. We discussed the relation of infrared colour excess with mass loss,
with the conclusion that the K-[12] colour may give a reasonably good estimate of the mass-loss rate as for AGB stars. No
correlation between the dust mass-loss rate and the luminosity
appears. Combined with possible strong inhomogeneities in the
envelopes, as in the case of VY CMa, and the fact that most of
red supergiants are irregular, low-amplitude variables, the mass
loss process must not necessarily be linked to radial pulsations,
and so could be different from that of AGB stars. Furthermore,
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we confirmed that, as for AGB stars, the K-magnitude is a good
luminosity indicator, since the K-bolometric correction remains
rather constant for a wide range of parameters.
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