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Abstract. We present the analysis of infrared photometry arithble 1. Characteristics of red supergiants of our Galaxy and Magel-

millimeter spectroscopy of a sample of 74 late-type supergiaritgiic Clouds (from Humphreys 1986).
These observations are particularly suitable to study the mass

loss and the circumstellar envelopes of evolved massive st&agectral Type K,M

In particular, we quantify the circumstellar infrared excess, ttféfective temperature < 4000 K

relation of mass loss with stellar properties, using i¢12] Luminosity 10-510 Lo

colour index as mass-loss indicator. We do not find any cld4pSS 10-50 M,

correlation between mass loss rate and luminosity. We also s us 300'2090 8
ass-loss rates 10-107% Mg lyr

that theK -band magnitude is a simple luminosity indicator, be
cause of the relative constancy of theband bolometric cor-
rection. have been detected a long time ago (see e.g. Adams & MacCor-
mack 1935, fory Ori anda Sco), the understanding of mass loss
Keywords: stars: circumstellar matter — stars: mass-loss — starsmassive stellar evolution is still lacking. A better understand-
supergiants — infrared: stars ing 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 prob-
1. Introduction lems are the prediction of the observed blue-to-red supergiant
ratio or the explanation of the blue colour of the progenitor of
Red supergiants represent a key-phase in the evolution of Ma&-1987 A (Woosley et al. 1987). Indeed, mass loss must play
sive (105 Miniy < 40 Mg) stars, preceding Wolf-Rayet starsy key-role in the occurence of the “blue loop” in the evolu-
and/or supernovae. A good knowledge of their propertiestignary track of evolved massive stars (Chiosi & Maeder 1986).
necessary to compute reliable stellar evolutionary tracks agflyhow, according to theoretical studies, the uncertainty on the
population synthesis models. For example, they are expecigélss loss rate may be as high as a factor of 10 (Woosley et al.
to represent the main 2Zm emitters in the central regions 0f1993). Indeed, the process of mass loss is poorly understood.
active galaxies (e.g. Devereux 1989). Furthermore, becaus@gignetic fields x-mechanism and acoustic waves have been
mass loss during this phase, they play an important role in #\gccessively invoked to explain it, but none of these theories
chemical enrichment of the interstellar medium. Finally, thanks completely satisfactory. Effects of stellar rotation may also
to their short lifetime and high luminosity, they can be usegk important (Langer & Heger 1998). Observational constraints
as tracers of galactic structure like spiral arms. As their lunire then needed.
nosity peaks in the near-infrared, they are particularly suitable Because of their low effective temperature and the presence
to probe regions affected by high interstellar extinction. Basif a cold circumstellar envelope, infrared and radio observa-
characteristics of these objects are summarized in Table 1. tions are particularly adapted to the study of M supergiants. The
The problem of mass loss of massive stars is very compl@esent paper presents the analysis of infrared photometry and
Although circumstellar shells in expansion around supergiang§ilimeter spectroscopy of a sample of 74 late-type supergiants.

Send offprint requests to: josselin@oan.es
* Based on observations collected at the European Southern ObgetSample and observations

vatory, La Silla, Chile within program ESO 54.E-0914, and on obser-
vations collected with the IRAM 30m telescope. Humphreys (1978) presented a catalogue of over 1000 super-

** Tables Al to A3 are only available in electronic form at thQiantS and bright O stars in OB aSSOCiationSa_g_iVB‘@an _
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or Wizagnitudes, spectral types, distances and visible extinctions.
http://cdsweb.u-strasbg.fr/Abstract.html From this catalogue, Stencel etal. (1989) selected all supergiants




226

Table 2. Characteristics of the filters used for the observations with
IRAC1 (Lidman & Clements 1997) and TIMMI (&ufl et al. 1992). T
Filter — Ac  AX o

(M) (um) &
J 125 0.30 T s ]
H 1.65 0.30 J L
K 220 0.40 e
L 3.75 0.70 e
N1 8.39 0.96 e
N2 9.78 1.29 1E e . 4
N3 1256 141 <
Table 3. Characteristics of the detectors used for radio observations. 1 1s = 25 s

Antenna temperatures have been converted to main-beam brightness

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

temperatures accordingTo., = Ta /1 (n="forward efficiency/main- Fig. 1. Comparison between published and d#band observations.
beam efficiency).

The plotted sources are, from left to right, HD 143183 (observed by
Humphreys & Ney 1974), TV Gem (Kenyon 1988), HD 37536 (Lee

Line Telescope 7 FWHM 1970), BU Gem (Kenyon 1988), V396 Cen (Humphreys & Ney 1974),
CO(1-0) IRAM 073 209 IC 2944 (Epchtein et al. 1987), HD 100930 (McGregor & Hyland
SEST 0.70 450 1984), CPD-57 3502 (McGregor & Hyland 1984) and CD-60 3621
CO(2-1) IRAM 045 104 (McGregor & Hyland 1984).
HCN(1-0) IRAM 0.73 27.0
SEST 075 57/ , _ , . o
SO(6-5) IRAM 048 109 mag), the comparison with previous observations given irifig. 1
SiO(3-2) SEST 0.68 400 shows that this should not affect our analysis.
CS(3-2) SEST 0.66 340 The data have been corrected for interstellar extinction with

the values ofdy givenin Humphreys (1978) andl, /Ay values
from Rieke & Lebofsky (1985).
of spectral types FO through M5, which represent a sample of
111 stars, of which_ 77 are of speptra type .M. They tabulaté® Radio observations
IRAS data from which they examined the circumstellar shells
of these objects. Radio observations were performed in December 1994 with
Our Samp|e is made up of 65 of these 77 M-type Supéhe IRAM-30m-—telescope (Pico Veleta, Spain) and in February
giants and 9 of the F to K supergiants from Stencel et al. (198695 with the SEST (ESO, Chile). We observed the CO(1-0),
catalogue, which were observed by ourselves or found in th&(2-1), SiO(v=0,J=3-2), HCN(1-0), SO(6-5) and CS(3-2)
literature. Their properties are given in Tables Al and A2 in tH&es. The characteristics of the detectors are given in Tdble 3.
appendix. Observations at SEST and at IRAM were done in position-
switching mode, with a throw of 2’ in both cases. The data
were reduced using the Continuum and Line Analysis Simple
Software (CLASS; Grenoble Observatory and IRAM).
Infrared photometry was found for 46 of the M-supergiants in The detection rate of molecular lines toward red supergiants
the Gezari et al. (1993) catalogue (see Table A2). is very low. Apart from the case of VY CMa, only the CO(2-1)
Additional infrared photometry was obtained at ESO (Land SiO(3-2) lines have been detected in a few objects. The
Silla, Chile) in February 1995 for 24 objects. Near-infraregarameters of radio observations are detailed in Table A3 in
photometry ¢, H, K andL’ bands) was obtained with IRAC1the appendix. Two objects we did not observe were previously
at the 2.2m telescope, while mid-infrared photometry (N1, Ngetected in molecular lines: TV Gem (CO(1-0); Heske 1990)
and N3) was obtained with TIMMI at the 3.6m telescope. Thand HD 143183 (SiO(v=1,2-1); Haikala et al. 1994).
characteristics of the filters are given in Table 2. The infrared
standards were taken from van der Bliek et al. (1996). The d§taAnaJysis
were reduced using the Munich Image and Data Analysis Sys-
tem (MIDAS; ESO 1991). The precision of near-infrared phdrhe colour-colour diagrams obtained by combining near-
tometry is about 2%. For TIMMI observations, the precision isfrared photometry with optical magnitudes given by
lower (rms~ 0.3 mag). The results of the observations are sutdumphreys (1978) and IRAS data are shown in[Hig. 2. The [12]
marized in Table Al. No attempt was made to bring publishedagnitude is calculated from the 1L2n IRAS flux:
data and our observations to a common photometric system.
Given the supposed low variability of supergiantsi{ ~ 0.2 [12] = —2.5 x log(512/28.3)

2.1. Infrared observations
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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 Al), squares to F to K supergiants (Tables A1 and A2), and the star symbol to the
model of a M1 | supergiant without circumstellar envelope (Fluks 1998).

(see IRAS Explanatory Supplement). Ttig colour is defined of the sources in our sample experience noticeable mass loss.
as This criterion corresponds t&-[12] > 1.5 (see Fid.]2), of.-

[12] Z 1. The photospheric spectrum of a star of spectral type
Car = log(12 x 525)/(25 x S12) M1 1 (Fluks 1998) gived” — K = 4.82, K-[12] = 0.18, and
The observed colours are compared to the ones obtained fdi-fL2] = 0.02, so that the criterion in Stencel et al. may be a bit
synthetic spectrum of a M1 | supergiant without circumstellaonservative, in particular for the bluer objects. Furthermore,
shell (Fluks 1998; star symbol in F[d. 2). as shown above, th&-band emission seems to be essentially
photospheric. Thus, we expect that fig12] colour is a better
indicator of mass loss. The sensitivity of the IRAS14r2 band
to the dust composition (silicate and SiC bands) must not affect
Mass-loss rates can in principle be estimated from the circuthe results, as all supergiants are oxygen-rich, as confirmed by
stellarinfrared 4 > 1 um) excess generated by the presence bRS types (Tables Al and A2). Only two objects are puzzling,
the circumstellar envelope. The comparison between obserydl Per and HD 37536, which display LRS types typical of
spectral energy distribution (SED) and the photospheric spearbon-rich circumstellar material (44 and 43, respectively). For
trum of Fluks (1998) shows that this infrared excess represeptgh of them, the LRS spectra are noisy and the dust emission
at most about 20% of the total energy radiated and becontesd is weak, so that they may have been misclassified (see
noticeable at 2 3-4 um. This last fact may reflect a low dustOmont et al. 1993a for a discussion on such misclassifications).
condensation temperature and/or the rapid cooling and dilution Another colour, the IRAS :; colour, is also often used to
of the envelope because of its high expansion velocity. We nestimate mass-loss rates, in particular for AGB stars, as itis con-
discuss different methods to estimate mass-loss rates. sidered as a good indicator of circumstellar opacity.[Big. 2 shows
that it displays little correlation withi(-[12]. In particular, at
Co1 ~ —0.5, the K-[12] colour displays a large dispersion.
This could be linked with different conditions of dust conden-
If we follow the criterion from Stencel et al. (1989) who assumgations in AGB stars and red supergiants or smaller extent of
a colour indext/ — K > 6 for mass-losing objects, about half

3.1. Mass|oss of massive stars

3.1.1. Estimations based on near- and mid-infrared data
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Fig. 4. Comparison between the observed spectral energy distribution
(dots for the band®, V, J, H, K, L, IRAS-12um, IRAS-25um and
-8 "ol IRAS-60 um), the photospheric spectrum (Fluks 1998; dashed line)
° and the result of radiative transfer for BU Gem with; = 7 x 10~ '°
asl *0, OOO ° Melyr (solid line).
- [ LHe o
> °
3 o ° o6 ©
2 o e choice is justified by the availability of a stellar synthetic spec-
-9 o © ® . . .
< © 040 o trum of this spectral type (Fluks 1998), preventing us from using
% .o & o 00 b o a simple blackbody approximation, much less reliable, and the
S g5 o o fact that a large range @fl, is met in this subsample. The main
o 8 . free parameters are the mass-loss rate, the expansion velocity
(when not measured in radio) and the dust condensation tem-
1ol L L L L perature. The program then gives a SED to be compared with
-6 =7 N -8 -9 the observed one and the dust optical depth~¢ M / RinVexp,
bol

where Ry, is the inner radius of the circumstellar envelope).
Fig. 3. Dust mass-loss rate (derived from the K-[12] colour) as a funbdass-loss rates derived in this way are consistent with those
tion of the bolometric magnitude and effective wavelength. Same syderived from the [-[12],M4) relation, within a factor of 2.
bols as in Fig. 2. Fig.[4 shows an example of the spectral energy distribution of a
M1 supergiant of our sample together with the synthetic stellar

the envelope. By the way, also Habing in his review (1996) igpectrum of the same spectral type and the result of the radiative

dicates that’s; is not such a good indicator of mass loss (fot'ransfer calculat|on._ .
AGB stars), especially for small mass loss ratesl0—¢ M., The values obtained fak/; are compared to the absolute

yr1) bolometric magnitude (when a distance modulus is available)
The question of the use of thE-[12] colour to estimate a"d 0 an “effective” wavelength, as shown in Eig. 3. The abso-

dust mass-loss rated;) has already been addressed for AG te bolometric magnitude was obtained by integrating with a

. . ._cubic spline the emission frof-band to IRAS-6@m band, and
stars by Whitelock et al. (1994). Before applying the relatior! : ; i
they found between’, andK-[12], we modified it to take into € ffective wavelengthis definedas = (J AFX)/(f £3))-
account the average difference of expansion velocities: 10 km 1he nice correlation found betwee; and\.q (Fig.[3) is
s~ for AGB stars, according to Whitelock et al. (1994), 25 krROtsurprising, a&’-[12] and)\.¢ are both indicators of the opac-

s! for +supergiants, assuming a linear dependence betwd¥pf the envelope. More interesting is the fact that there is es-
My andue, (Jura 1986). This gives sentially no correlation betweevly and M., over a relatively

large range of luminosity~ 3 mag). As evolutionary tracks
withoutrotation predict an evolution at almost constant luminos-
ity, this could also indicate that mass loss is independent of the
The adopted value fat..,,, average of the values found frominitial mass of the star. However, a distribution of rotation rates
our radio observations (see Sect. 3.3), also corresponds to waduld induce a spread in main sequence luminosities (Langer &
ues observed for infrared supergiants, i.e. those who experieRHager 1998), making this deduction uncertain. No correlation
stronger mass loss (see Josselin et al. 1998). appears if we separate the different spectral subtypes, indicating
The reliability of the obtained values df; was checked that Reimers (1975)formuld{ o L/(gxR) o (LxR)/M)
with detailed radiative transfer calculations with the model @hay not apply to red supergiants. Anyhow, the values/&f
Groenewegen (1993) for the subsample of M1 supergiants. Tiriay be subject to large uncertainties. For example, the mass

log(Ma/Mg yr~!) = 0.57 x (K — [12]) — 9.95
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* . Table4. Gas mass-loss rates estimates based on CO(2-1) emission and
. 3 gas-to-dust ratiox).
. s 7 Object M,(CO)
g -8 * ©° /9/ 7 Mealyr)
p T S Per 1.4<10°° 86
g i "% o0 487, W Per 9.0x 107 167
3 o %% 7 VYCMa 16x10° 77
R * e, 1 pcCep 9.1x 107 65
o /,O/O PZ Cas 8.3« 10°¢ 776
) g one should keep in mind that Jura’s formula was established
-10 u;/ S Y for carbon stars. The mass opacity is the main parameter which
log(M'g) (K-[12]) takes into account the effects of different dust compositions.

- -1 i
Fig.5. Comparison between dust mass-loss rates estimated from Tﬁbe apo"e formula gssumg$60 pm) = 150 .C'ﬁ g . If th|§ )
(K-[12]) colour and from Jura (1986) formula. value is not appropriate, this would result in a systematic dif-

ference between both mass-loss rates estimates, but it cannot
) )  explain the observed dispersion. More important, as the sample
loss estimators we used assume spherical symmetry, whicRdgsidered here contains mainly objects with optically thin en-

probably not the case at least for some objects (see e.g. Kafgi@igpes, the 6@m flux is dominated by the stellar contribution,
& Michalitsianos 1979, for the cases of S Per, TV Gen§co, a5 demonstrated by Groenewegen & de Jong (1998). Following
Bl Cyg, BC Cyg, RW Cygy: Cep and VV Cep). their calculation (their Fig. 4), the stellar @@n flux would rep-

The lack of correlation betweel/ and the luminosity is resent more than half of the total flux in this band for at least 20%
in contradiction with what is expected for evolved low-masgf the objects in our sample. Furthermore, regarding their low
stars and it is in opposition with some theoretical works, sugfi|actic latitude, interstellar contamination in the far-infrared
those about Magellanic Clouds supergiants (see Salasnichngl be not negligible. Altogether, the use of Jura (1986) for-
al. 1999, and references therein). In this latter case, &lie (myla with the assumption th&t, only traces the circumstellar
L) relation is a synthesis betweeh/( period) and (periodL)  dust shell must lead to an overestimation of the dust mass-loss
relations. But many galactic M supergiants are known to bgte, which explains the observed discrepancy in[Fig. 5.
irregular variables. Such a relation is then not relevant (see also\e also estimated the gas mass-loss rate from CO emission

the discussion about VY CMa in Sect. 3.3). In fact, this modeby the five objects which were detected. From Olofsson et al.
as many other ones, is an extrapolation of those about AGB sta1$93),

assuming identical processes, while pulsational properties are
; T V2. d? B?
known to be different. M. — 1.4 _2mb Jexp Me /yr
Itis worth recalling here that our sample is essentially made® 2> 1019 f&55 5(J)

of supergiants with optically thin envelopes. The results giv§phereT,,,,, is the main beam temperature in Kelvin of the (J,J-
above may then not be extrapolated to objects during an eventadransition,d the distance in pcB the FWHM size of the

“superwind” phase. telescope beam in arcsec (see values in Tdbl¢3),the CO
abundance relative toHwe took fco =5 104, a typical value
3.1.2. Other estimators for oxygen-rich stars) and s(J) a correction factor. s{3Iland

] s(J=2) equals the ratio between the average integrated intensity

Mass-loss rates of AGB stars are commonly estimated frqfig 7(3=2-1)1(J=1-0) and the square of the beam width ratio
the IRAS 60um flux Seo, assuming that this reflects the dusg; poth frequencies. Estimates given in Tdble 4 are based on the
emission (Jura 1986), or from the the CO(1-0) line mtensﬂgj:z_l) line. We adopted a value of 4 for th@J=2-1)(J=1-
assuming that all carbon is in form of CO in an oxygen-ricg) ratio, which corresponds to the optically thin limit and is in
medlum, ywthm the limits of. photodissociation by mterstellaégreemem with the upper limits found for the (J=1-0) line (see
UV radiation (Knapp & Morris 1985; Loup etal. 1993). ~  gect. 3.3). One may note that a value of 5.5 is observed for VY

Fig.5 shows the comparison between the estimatialof ¢4, the only object detected in both CO lines, but dilution

based on the (K-[12]) colour, as detailed above, and the Ofacts and the fact that this object may be slightly resolved
based on Jura formula: have to be taken into account before converting this ratio into
Vexp d \2 A 10 Lo the in_trinsic one. _ _

Mg /yr It is known that many supergiants have an active chromo-
10km/s \ 1 kpe : > - ) -

sphere which produces photodissociating ultraviolet radiation

(whered is the distance, given by Humphreys 1978, aggis (see e.g. the case ofOri, Glassgold & Huggins 1986). Then,
the mean wavelength of radiation of dust). It appears that tbensidering that carbon is essentially in the form of CO, as as-
last one is systematically greater than the first one. First of alymed when taking a “standard” value o85610~* for fco,

My =21x107°

Lum  Seo
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Fig. 6. Correlation betweerk -band and bolometric magnitudes (allFig. 7. Bolometric correction in thé-band versusf — K) (all mag-
magnitudes are corrected for interstellar extinction). nitudes are corrected for interstellar extinction).

will lead to an under-estimation of the gas mass-loss rate (sgﬁﬁte poor. Nevertheless, this low detection rate may be partly
JOSSE|In et al 1998 fOI‘ Othel’ pOSSIb|e effeCtS) Indeed |f we %e to the |0W mass- |oss rates measured in our Samp'e Among
timate the gas-to-dust ratio by comparing the values/pivith  the rare detections, the CO(2-1) and SiO(3-2) are the most fre-
M, obtained from the-[12]) colour (Tabl&#), we obtain very quent. But because of their low galactic latitude, many CO and
low values, except for PZ Cas, compared with what is general}CN observations are affected by interstellar lines, so limits on

assumed for AGB starg((~ 200). molecular abundances are difficult to derive.
Concerning CO, the observed ratiog) 1)/ Ico1—o) are
3.2. Indicator of luminosity and bolometric correction greater than 4. This is characteristic of optically thin envelopes

and suggests a radiative excitation of this molecule (see e.qg.
The comparison between the bolometric magnitude and Beoenewegen et al. 1997). Furthermore, these low opacities of-
K—magnitude, corrected for interstellar eXtinCtion, is shown i@ar little protection against photodissociation of CO by chro-
Fig.[6. A relation appears: mospheric 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
similar to the relation found by Groenewegen (1997) for AGBnd EV Car. Furthermore the SiO(v=1,J=2-1) maser line was
stars. One object, HD 74180, shows strong departure from thetected in HD 143183 (Haikala et al. 1994). EV Car and HD
relation. The weakness of its IRAS fluxes{$ 2.81Jy, 3 < 143183 are not detected in CO, so the circumstellar gas should
0.72 Jy) makes uncertain the determination of the infrared loe essentially in atomic form. Then, SiO emission may reveal
minosity. very low depletion of Si on grains and/or eventually the occur-

Fig[d shows an example of a search for a possible depesace of shocks in the inner envelopes, where SiO would be
dence of the bolometric correction on the— K) colour. Itis more protected against photodissociating radiation.
zoomed on the 0.5 (J — K) < 1.5 interval, where most of ~ No object was detected in the CS(3-2) line and only one in
the M-supergiants are concentrated (se€[frig. 2). A general tréimel HCN(1-0) line (VY CMa, see hereafter). Both molecules
appears, but with a relatively weak correlation coefficient. Theay result from photochemical processes. Furthermore, when
J-band contains many molecular bands (in particular CO addtected in O-rich circumstellar envelopes, the CS emission is
OH; see Lang¢on & Rocca-Volmerange 1992), which may ladways very weak (Omont et al. 1993b and references therein).
very sensitive to effective temperature and metallicity and thus In all detections, the expansion velocities are relatively high
explain the observed dispersion. (> 18 km s7!), compared to values usually observed for AGB

We also note that no star is brighter th&fik = —12 mag, stars. Radiation pressure is usually invoked to explain this gap,
or My = —9.5 mag, as expected by Humphreys (1986). Thizut the low surface gravity of supergiants combined with a large
limit has been explained by de Jager (1991) as a stability linmiher radius of the circumstellar envelope may be an alternative
by dissipation of energy, preventing the most massive stars frexplanation.
reaching the M-type region.

Mpol = MK — 3

3.3.1. VY CMa

3.3. Molecular content of the circumstellar envelopes A case of particular interestis VY CMa, which has been detected

Regarding the large number of non-detections in Table A3, timfour molecules: CO, HCN, SiO and SO. A striking pointis the
molecular content of the envelopes of red supergiants appegpparent large dispersion of the expansion velocity as a function
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of the molecular line. This could reflect differences in signale confirmed that, as for AGB stars, themagnitude is a good
to-noise ratio. But if this is real, this probably indicates largleiminosity indicator, since th& -bolometric correction remains
inhomogenetities in the envelope, with the occurence of rapidither constant for a wide range of parameters.

expanding blobs in the internal envelope. Indeed, the largest

observed value of.,, correspond to SiO, which is believed®cknowledgements. We are grateful to the ESO and IRAM (Pico
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