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Chapterr 1 

Introduction n 

1.11 The evolution of AGB stars 
Starss with Zero Age Main Sequence (ZAMS) masses in the range of MZAMs ~ 1 to 8 MQ evolve 
intoo luminous, cool giants when their nuclear engines switch from core hydrogen burning via 
coree helium burning into hydrogen-shell burning. As the hydrogen shell burns its way outward 
throughh the inner regions of the stellar mantle, helium accumulates between the hydrogen 
burningg shell and the degenerate carbon-oxygen core until the pressure and temperature in 
thee helium shell becomes high enough to temporarily ignite the fusion of helium in a so-
calledd Thermal Pulse (TP). Apart from these short, episodic excursions in temperature and 
luminosity,, the steadily growing core drives the stellar evolution along an asymptotic track in 
thee Hertzsprung-Russell Diagram (HRD): the Asymptotic Giant Branch (AGB) (Fig. 1.1; for a 
detailedd review of stellar evolution see Chiosi 1998 and Iben & Renzini 1983). Their stellar life 
eventuallyy ends with the ejection of a Planetary Nebula exposing the bare core (White Dwarf) 
thatt will fade into oblivion as it cools. 

Massivee stars with M Z A MS^8 M© follow a rather different path through the HRD, but 
likee the intermediate-mass stars they too enter a phase of high luminosity and low surface 
temperaturee when they become core helium burning red supergiants (RSGs). They will pass 
throughh subsequent but much shorter stages of nuclear burning later on, before a Supernova 
explosionn ends their stellar life with only a compact remnant (neutron star or Black Hole) 
remaining.. Despite differences in the core structure and the generation of the power required 
too prevent their gravitational collapse, the stellar mantles of RSGs and AGB stars are very 
similarr and so are some important characteristic phenomena, such as radial pulsation and mass 
loss. . 

1.22 Mass loss from AGB stars 
Thee mantles of AGB stars (and RSGs) are dynamically unstable, leading to long-period, large-
amplitudee radial pulsations that increase the scale height of the atmosphere to the extent that 
thee densities are high enough at a distance to the star where the equilibrium temperature is 
sufficientlyy low to form dust on a massive scale. Momentum is transferred from the intense 
stellarr radiation field onto the dust grains that are dynamically coupled to the gas via gas-grain 
collisions,, driving a slow wind (~ 10 km s"1; cf. Goldreich & Scoville 1976). In this way, mass 
iss lost at rates of typically M ~ 10~7 to 10~3 M0 yr_1 depending on surface temperature and 

1 1 
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Figuree 1.1: Schematic presentation of the post-main sequence evolution in the Hertzsprung-
Russelll  Diagram of an intermediate-mass star (say, 3 M 0) and a massive star (say, 30 M 0) . 
Thee intermediate-mass star evolves into an Asymptotic Giant Branch (AGB) star and dies as 
aa White Dwarf after ejection of a Planetary Nebula, whilst the massive star evolves into a 
redd supergiant (RSG) and dies with a Supernova explosion leaving behind a neutron star or 
Blackk Hole. In the AGB or RSG phase, both stars enter a phase of high luminosity and cool 
surfacee temperature where they experience heavy mass loss by a dust-driven wind leading to 
thee expulsion of most of their stellar mantle (upper-right corner of the diagram, delimited by 
aa dashed line). 

luminosity.. During a brief period in their lives (104 to 106 yr) AGB stars and RSGs lose at 
leastt half of their initial mass. An AGB star sheds its entire mantle, ending further evolution 
alongg the AGB before the core could grow beyond the Chandrasekhar mass-limit of 1.4 M 0 as 
aa result of nuclear burning. This mass loss makes AGB stars important contributors to the 
chemicall  enrichment of the interstellar medium, and the main source of dust particles in the 
Universe.. Dust not only influences processes in the interstellar medium like star formation, it 
iss also a necessary condition for the formation of planets that may support life. 

1.33 Unsolved problems related to the evolution and mass 
losss of AGB stars 

Thee real evolution of AGB stars is extremely difficul t to model, largely due to the lack of a 
satisfactoryy theory of convection. The mantles of AGB stars are fully convective, which not 
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onlyy influences the transport of energy from the nuclear burning layers to the surface, but also 
resultss in the mixing of nuclear burning products with the material at the surface when the 
nuclearr burning and convective regions overlap during a TP — the so-called 3rd dredge-up. 
Notably,, unless the temperature at the bottom of the convective region is sufficiently high to 
burnn it into nitrogen and oxygen in a process called Hot Bottom Burning (HBB), carbon may 
bee brought to the surface in quantities large enough to change the carbon-to-oxygen number 
ratioo from below unity to C/O > 1, forming a carbon star (Iben & Renzini 1983). When this 
happens,, the chemistry of molecule formation in the stellar atmosphere changes from oxygen-
dominatedd to carbon-dominated, thereby completely changing the photospheric spectroscopic 
signaturee from M- to N-type. One of the great challenges in stellar evolution theory is to 
quantitativelyy explain the observed populations of carbon stars (Marigo et al. 1999). 

Thee evolution of stars on the TP-AGB depends strongly on the mass loss. No complete self-
consistentt model exists to explain and calculate the mass-loss rate of an AGB star. Difficulties 
arisee from the fact that the stellar pulsation is highly non-linear, dust formation schemes are 
veryy preliminary and incomplete, and several poorly understood mechanisms such as rotation, 
binarity,, magnetism, or the stellar surface temperature pattern may play a role too. 

Onee important ingredient in advancing our understanding of AGB stars is the collection of 
thee right observational constraints and empirical relations between astrophysically meaningful 
quantities. . 

1.44 The study of AGB stars in the Magellanic Clouds 

Becausee many observed parameters require the distance to the object to be known, astrophysical 
problemss have often been addressed by observing stellar populations in the Small and Large 
Magellanicc Clouds (SMC k LMC). A well-known example is the discovery and calibration of 
thee cepheid period-luminosity relation, one of the more powerful distance indicators to nearby 
galaxies,, by means of observations of variable stars in the LMC. The study of stars in the 
Magellanicc Clouds benefits greatly from the relatively well-known — and small, but not too 
smalll  —- distances to the SMC and LMC and the small amount of interstellar extinction in the 
line-of-sightt towards these high galactic lattitude objects. The differences in mean metallicity 
off  the young stellar populations in the SMC, LMC and the Milky Way makes it possible to 
studyy the metallicity dependence of a certain astrophysical problem. 

Thee AGB star populations in the SMC and LMC have been investigated through numerous 
opticall  surveys using magnitudes, colours, variability and objective-prism spectra to identify 
carbonn stars and M-type AGB stars, and RSGs (e.g. Blanco et al. 1980; Westerlundd et al. 1981; 
Hughess k Wood 1990; Costa k Frogel 1996). These efforts resulted in valuable observational 
knowledgee such as the luminosity distributions of M-type and carbon stars both in the field and 
inn clusters, and a period-luminosity relation for regularly pulsating AGB stars (Mira variables). 
Thee wealth of observed facts helped shape our understanding of stellar evolution, but left some 
fundamentall  questions still unanswered — such as the transition between the MZAMS of stars 
thatt become AGB stars and stars that are bound to evolve into RSGs — and also raised new 
problemss — such as the unexpected lack of luminous carbon stars in the LMC (Iben 1981). 
Thee issue of mass loss could scarcely be addressed. 

Thee launch of the InfraRed Astronomical Satellite (IRAS) marked the beginning of a new era 
inn observational astrophysics. The sensitivity and spatial resolution of IRAS was just enough to 
detectt a large number of IR-bright point sources in the direction of the SMC and especially the 
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Figuree 1.2: Identifying a magellanic AGB star as counterpart of the inid-IR source 
IRAS06025-6712.. Invisible in the J-band image (at left) at a wavelength A = 1.25/tm. it 
rivalss the brightest star in the K-band image (at right) at A = 2.2/vm. The images were ob-
tainedd using the IRAC2b near-IR camera at the ESO/MPI 2.2 m telescope at ESO La Silla, 
Chile.. South is up, and East is to the right. The frames shown here measure one arcminute 
alongg the short (E-W) axis. 

LMC,, many of which turned out to be (candidates for being) massive circumstellar envelopes 
(CSEs)) around AGB stars and RSGs with mass-loss rates high enough to make the stars all but 
invisiblee at optical wavelengths. In the years after, stellar counterparts of these IRAS sources 
havee been identified mainly by near-IR searches (e.g. Frogel et al. 1990; Reid et al. 1990; Wood 
ett al. 1992), and an example of an obscured, dust-enshrouded AGB star is shown in Fig. 1.2. 
Becausee severe mass loss obscures many of the TP-AGB stars from optical view, it is only with 
thee combined study of optically selected and obscured AGB stars that a complete picture of the 
evolutionn of AGB stars can be obtained, including a detailed understanding of the mass-loss 
mechanism. . 
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1.55 Outlin e of the work described in thi s thesis 

Thee project that eventually lead to my PhD thesis was initiated with the goal to use the fore-
seenn Infrared Space Observatory (ISO) to study the mass loss from AGB stars using a sample 
off  IRAS-detected AGB stars in the LMC. The Guaranteed Time proposal was written under 
Principall  Investigatorship of Dr. Norman Trams, and comprised IR photometry to determine 
thee spectral energy distributions (SEDs) and IR spectroscopy to determine the chemical type 
off  the dust and to put further constraints on the modelling of the SEDs. The preparation of the 
targett list by Dr. Cecile Loup ultimately culminated in the publication of a catalogue of IRAS 
sourcess in the SMC and LMC that are identified with or candidates for being CSEs of AGB 
starss or RSGs, which became the first paper in a series of four on "Obscured Asymptotic Giant 
Branchh stars in the Magellanic Clouds" (Loup et al. 1997). Dr. Albert Zijlstra then took the 
leadd in the first follow-up on the selected IRAS sources by searching for near-IR counterparts 
andd identifying them as AGB stars using a luminosity criterion, taking first steps toward clas-
sificationn into carbon- and oxygen-rich chemistry, and calculating preliminary mass-loss rates. 
II  became involved by starting my PhD research at the European Southern Observatory during, 
thee final stages of this work which was soon to become published as paper II (Zijlstra et al. 
1996).. That was March, 1995. 

Waitingg for ISO to be launched, I continued the search for near-IR AGB counterparts of 
IRASS sources in the LMC, which is the main topic of paper II I (van Loon et al. 1997) and 
thee second Chapter in this thesis. I conducted follow-up observations in order to establish the 
chemicall  type of the dust around the obscured AGB stars and the luminosity distributions of 
thee obscured AGB stars, resulting in paper IV (van Loon et al. 1998a) and the third Chapter in 
myy thesis. A related work on luminous carbon stars using ground-based near-IR spectroscopy is 
describedd in Chapter 4 (van Loon et al. 1999). Apart from these works, I have spent considerable 
effortt in pioneering observations of maser emission from AGB stars and RSGs in the LMC, with 
thee aim to measure the expansion velocities of their CSEs. In my thesis, only the first detections 
off  extra-galactic silicon monoxide (SiO) and circumstellar water (H20) from the most luminous 
RSGG in the LMC are reported, in Chapters 5 (van Loon et al. 1996) and 6 (van Loon et al. 
1998b),, with the study of the maser emission from AGB stars under on-going study. 

II  describe the ISO observations, reduction and interpretation of the photometric and spec-
troscopicc data in Chapter 7 (Trams et al. 1999b), as well as the determination of the chemical 
typess of the 57 stars in the sample. One particularly interesting star deserved special attention 
ass it had been found to be a very luminous carbon star (Chapters 3 k 4) and ISO spectra 
noww suggested the presence of a minor oxygen-rich dust component. These ISO data and the 
interpretationn of this star as a so-called silicate carbon star are presented in Chapter 8 (Trams 

ett al. 1999a). 
II  have studied the mass-loss rates of the AGB stars in the LMC in two independent ways. 

Byy comparing the optical depths of the CSEs of (as equivalent as possible) populations of AGB 
starss in the SMC, LMC and Milky Way, and by using some first principles concerning dust-
drivenn outflows, I derive conclusions about the metallicity dependence of the mass-loss rates of 
AGBB stars and the dust-to-gas ratios in their CSEs (Chapter 9). As a second method, I use a 
radiativee transfer code to model the SEDs of the ISO sample of AGB stars in the LMC, derive 
mass-losss rates and luminosities for the individual stars in the sample, and discuss the mass 
losss and evolution of obscured AGB stars (Chapter 10). 
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Chapterr 2 

Obscuredd Asymptotic Giant Branch 
starss in the Magellanic Clouds: New 
IRASS counterparts 

JaccoJacco Th. van Loon, Albert A. Zijlstra, Patricia A. Whitelock, L.B.F.M. Waters, Cecile Loup, 
NormanNorman R. Trams, 1997, A&A 325, 585 

Wee have searched for near-infrared stellar counterparts of IRAS point sources in the Large 
Magellanicc Cloud (LMC), in J and K-bands. This resulted in the detection of 21 counter-
parts,, of which 19 are new discoveries. Using colour-magnitude and colour-colour diagrams, we 
identifyy 13 Asymptotic Giant Branch (AGB) stars with thick circumstellar dust envelopes, 7 
possiblee early post-AGB stars or stars recovering from a thermal pulse, and 1 red supergiant or 
foregroundd star. For 10 of the IRAS targets we do not succeed in detecting and/or identifying 
aa near-infrared counterpart. We serendipitously detect 14 other red sources, of which 2 are 
knownn Long Period Variables, and a few galaxies. The near-infrared and optical colours of the 
galaxiess may indicate considerable interstellar extinction through the LMC, as much as Av ~ 
22 to 4 mag. The relative number of AGB carbon stars over oxygen stars is shown to decrease 
ass the luminosity increases. Yet amongst the faintest mass-losing AGB stars oxygen-rich stars 
stilll  exist, which puts constraints on current convection theories that predict the occurrence of 
thirdd dredge-up and Hot Bottom Burning. We investigate the nature of some LMC stars that 
havee infrared properties very similar to suspected Galactic post-AGB stars. 

2.11 Introductio n 

Populationn studies of Asymptotic Giant Branch (AGB) stars in the Large Magellanic Cloud 
(LMC)) have led to a number of interesting results, using the advantage of its known distance. 
Thee period-luminosity relation for Mira variables was deduced from photometric monitoring 
off  Long Period Variables (LPVs) in the LMC (Feast et al. 1989). Objective prism survey 
studiess of the LMC showed a clear lack of carbon stars amongst the most luminous AGB stars 
(_66 > Afbo! > - 7 mag; see Iben 1981 for a review). These studies have been largely based on 
sampless of optically visible AGB stars (e.g. Blanco et al. 1980; Cohen et al. 1981; Westerlund 
ett al. 1981). 

Starss near the tip of the AGB experience mass-loss rates as high as 10-5 M0 yr_1, giving rise 

7 7 
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too circumstellar envelopes (CSEs) in which dust forms, making them optically thick at optical 
wavelengths.. Hence these AGB stars may only be observable at infrared (IR) wavelengths and 
weree missed in earlier studies. Samples of candidate obscured AGB stars in the LMC have only 
recentlyy become available (Reid 1991; Wood et al. 1992; Zijlstra et al. 1996). The AGB nature 
off  some of these stars still needs to be confirmed, and their (circum-)stellar properties are yet 
too be explored in detail. The small existing samples should be extended both in number and 
inn (circum-)stellar parameter space, to allow a population study of mass-losing AGB stars in 
thee LMC. 

Inn paper I (Loup et al. 1997) we constructed an IRAS-selected sample of AGB and post-
AGBB star candidates. In paper II (Zijlstra et al. 1996) we confirmed the AGB nature for a 
subsamplee thereof, on the basis of their bolometric luminosities and their near-IR (NIR) and 
IRASS colours. We also showed that the chemical type — oxygen or carbon star — may be 
deducedd from the position of a mass-losing AGB star in the (K - [12]) versus (H - K) diagram. 
Consideringg the difficulty of obtaining spectra of these stars, the IR colour diagnostics are a 
powerfull  tool in determining the nature of the IR stars (e.g. van der Veen & Habing 1988; 
Guglielmoo et al. 1993; Le Bertre 1993; Le Sidaner k Le Bertre 1994; Loup k Groenewegen 
1994). . 

Heree we present the results of a NIR search for counterparts of IRAS point sources in the 
directionn of the LMC, aiming at enlarging the sample of known obscured AGB stars in the 
LMC.. After classifying the stars as being mass-losing AGB stars, or not, we briefly comment 
onn their properties. We discuss not only the AGB stars, but also the nature of other positive 
identifications,, and serendipitous detections. Amongst them are stars that may be explained 
ass being in the post-AGB phase, and we compare their properties with those of a sample of 
IRAS-selectedd post-AGB star candidates in the Milky Way. We also find a few galaxies, which 
mayy be used as probes to measure the interstellar extinction inside the LMC. 

2.22 Observations 

2.2.11 Sample 

Forr our search for NIR counterparts we reduced the list of nearly 200 best-candidate sources 
fromm paper I to a list of 68 sources, excluding stars that were studied in paper II (except for one 
source).. Our selection criteria are either IRAS flux densities S25 > 512, or S12 > 0.35 and 525 > 
0.222 Jy. Limited by the available observing time, we finally observed 31 sources. They were 
selectedd mainly amongst the sources that were relatively bright at 12 /mi, had red ([12] - [25]) 
colours,, and were not affected by cirrus at 60 /im. We adopt [12] = -2.51og(5i2/28.3) and 
([12]]  - [25]) = -2.51og{(S12/525) x (6.73/28.3)}, with S12 and S25 the flux density in Jy in the 
IRASS 12 and 25 //m bands, respectively (IRAS Explanatory Supplement 1988). In the IRAS [12] 
versuss ([12]-[25]) magnitude-colour diagram shown in Fig. 2.1, these 31 sources are represented 
byy shaded circles, whereas the remaining 37 sources are plotted as open circles. Several sources 
coincidee in this diagram because of the discrete values for the IRAS flux densities. The diagram 
showss that we mostly selected the brighter and slightly redder sources. We also plotted the 
AGBB star candidates (dots) and red supergiants (crosses) from paper II . The present sample is 
fainterr at 12 /im and has a redder ([12] - [25]) colour on average than the AGB star candidates 
fromm paper II , that are themselves fainter at 12 fj,m and have redder ([12] - [25]) colours than 
thee supergiants. 
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[l2]-[25; ; 
Figuree 2.1: IRAS 12 //,m magnitudes versus IRAS ([12] - [25]) colours for the sample of IRAS 
sourcess that we selected as targets for observation in the NIR (open circles), the targets that we 
actuallyy observed (shaded circles), the AGB star candidates from paper II (dots), and the red 
supergiantss from paper II (crosses). We adopt ([12] - [25]) = -2 .5 log{(S12/525) x (6.73/28.3)}, 
withh 5i2 and S2-, the flux density in Jy in the IRAS 12 and 25 /zm bands, respectively (IRAS 
Explanatoryy Supplement 1£ 

2.2.22 J and K-band imaging photometry 

Wee observed on the clear nights 1/2 and 2/3 January 1996, using the NIR camera IRAC2 at 
thee ESO/MPI 2.2 m telescope at La Silla, Chile. Lens C was chosen to cover a field of view 
off  133" x 133". with a pixel scale of 0.49". This combines the advantages of a large field of 
vieww and a reasonable sampling of the point spread function for doing photometry. For each 
IRASS point source field we did a sequence of 12 images in the K-band filter, each consisting 
off  ten 3-second exposures, shifted by 5" in right ascension with respect to the previous image. 
Wee repeated this procedure backwards, using the J-band filter. The search is deepest in the 
~~ 75" x 130" centred at the IRAS point source. We compared the IRAC2 fields with the first 
generationn Digitized Sky Survey to determine the actual field centres. The absolute pointing 
off  the telescope was found to be accurate to about 10", from a comparison of the IRAC2 field 
centress and the IRAS positions used to point the telescope. 

Wee constructed frames that represent a good approximation of the background emission, 
byy median-averaging the shifted images within each sequence, rejecting the brightest pixels 
too avoid contamination by stars. The background-subtracted images were flat-field corrected 
usingg flatfields obtained by taking an image of a screen in the dome, illuminated by a lamp 
dedicatedd for this purpose, and subtracting a similar image with the lamp off. The individual 



10 0 ChapterChapter 2 

imagess were shifted to bring the position of the IRAS point source back in the centre, by integer 
numberr of pixels to ensure flux conservation. Finally these images were added together. In this 
way,, we could detect stars down to limiting magnitudes of J ~ 20 mag, and K ~ 18 mag. The 
limitingg magnitude varied from field to field by about a magnitude, mainly due to differences 
inn the background. 

Thee standard stars were observed by taking an image consisting of an average of thirty 
0.6-secondd exposures, and another image shifted by 40". Their difference yields a background-
subtractedd frame, which we then flat-field. The standard stars were observed regularly during 
thee night, covering the same air masses as the LMC. 

Thee J and K-band images were blinked to identify the (J - K) reddest sources. On these, 
circularr aperture photometry was done with an increasing aperture radius, to create a radial 
magnitudee profile of the star. The same was done for the standard star. From the differential 
magnitudee profile the magnitude of the program star can be estimated, as well as its accuracy. 
Thee standard stars used are HD38150 (JSAAO = 8.210 mag, K K̂AO = 7.880 mag), SA94-702 (= 
GSCC 00048-00918; 7SAAO = 9.246 mag, KSAA0 = 8.289 mag), and HD52467 (JSAAO = 8.637 
mag,, ÜTSAAO = 8.699 mag). These magnitudes are in the SAAO system (cf. Carter 1990), and 
thee IRAC2 magnitudes have been converted to the SAAO system using relations derived by 
Lidmann (1995) on a single test night: 

^IRAC22 \ = / 0.883 0.117 \ ( JSAAO \ , 
tfiRAcatfiRAca J { -0.055 1.055 ) { KSAAO ) [ ' 

Thee 1-cr errors are 0.012 and 0.015 on the coefficients for the JJRAC2 and î iRAC2 magnitudes, 
respectively.. The conditions during the observations were photometric. Extinction corrections 
weree found to be 0.05 mag air-mass-1 in the J-band, and 0.03 mag air-mass-1 in the K-band on 
thee first night, and twice as large on the second night. The relative humidity, dome temperature, 
andd seeing were about 60 to 70%, 13°C, and 0.7 to 0.8" on the first night, and about 40 to 60%, 
155 to 12°C, and 0.7 to 1" on the second night. 

2.2.33 BVRi-band imaging photometry 

Wee observed on the clear night 24/25, and the partially cloudy night 30/31 December 1996. 
usingg the direct imaging camera at the Dutch 0.9 m telescope at La Silla, Chile. 

Onn the first night, we imaged two 3.8' x 3.8' fields centred on the galaxies that we detected 
inn the NIR close to the IRAS point sources LI-LMC0603 and LI-LMC1818 (see below). The 
nightt was photometric, although the Moon was close to opposition. We took six images in 
thee Bessel B-band and three images in the Bessel R-band, all 200 seconds integration time per 
frame.. Stellar images on these frames had FWHM of typically 1.1" to 1.4". The images were 
calibratedd by stars in the Landolt (1992) standard star field SA98 that were observed close in 
timee and airmass to the galaxy fields. Hence the B and R magnitudes are on the photometric 
systemss of Johnson and Kron-Cousins, respectively. We obtained integrated magnitudes for 
thee galaxies and the few redmost stars in the fields, using aperture photometry and applying 
aperturee corrections derived from the much less crowded standard star fields. 

Onn the second night, we measured the bright stellar counterpart (see below) of LI-LMC1821 
inn the Bessel B, V and R-bands, and the Gunn i-band. The night was cloudy, and useful 
photometryy could only be obtained by rapidly switching back and forth between the star and 
rjirji  Dor (= HR2194), an A0 Main Sequence star of V = 5.7 and (B - V) — -0.03 mag at 1.5 
degreee separation, until stable and well-defined magnitudes could be determined. The B, V 
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andd R magnitudes that we obtained for LI-LMC1821 are on the Johnson photometric system, 
whereass the i magnitude is on the Gunn photometric system. We estimated the Gunn i-band 
magnitudee for 771 Dor to be i = 5.74 mag. Integration times were 0.3, 0.2, 0.2 and 0.5 seconds 
forr BVRi respectively. To avoid problems with shutter delay times for these short integration 
times,, we used the same integration times for both stars, and they were always positioned at 
thee same place on the CCD. 

2.33 Results 

2.3.11 Identificatio n wit h IRA S sources 

Thee positive and tentative identifications, non-detections, serendipitous detections and galaxies 
aree listed in Table 2.1, together with the IRAS flux densities and NIR magnitudes, where 
applicable.. The numbers of the stars refer to the LI-LM C numbers in the Schwering & Israel 
(1989,, 1990) catalogue of IRAS point sources in the direction of the LMC. A suffix b, c or d was 
addedd in the case of field stars or galaxies, neither of which were considered to be the counterpart 
off  the quoted LI-LM C source. Positive and tentative identifications were found by first selecting 
thee object in the field of view with the reddest (J-K) colour. Stars with (J — K) > 2 mag were 
consideredd to be the counterpart of the IRAS source, as no two such red objects ever appeared in 
thee same field of view. In the absence of objects with (J- K) > 2 mag, objects were considered 
too be the counterpart of the IRAS source if they either had (J — K) > 1 mag (i.e. cool and/or 
reddenedd stars, see e.g. Bell 1992) or were very bright (e.g. LI-LMC1821), and not too distant 
fromm the position of the IRAS source (i.e. within ~ 20"). The counterparts with IR colours 
similarr to those of mass-losing AGB stars have been enumerated under positive identifications, 
ass this can be considered a confirmation of their identification with the IRAS source. The other 
counterpartss have been enumerated under tentative identifications and probably are stars with 
detachedd CSEs. 

LI-LMC01099 was first detected in November 1995, using the NIR photometer at SAAO. 
IRAS05003-67122 was already known to be a mass-losing AGB star in the LMC (paper II) . LI-
LMC05300 is identified with SHV0510004-692755, an LPV with a period of 169 days (Hughes & 
Woodd 1990, who measured J = 12.63 mag and K = 11.51 mag). We identify LI-LMC1721b with 
SHV0547489-704450,, an LPV with a period of 264 days (Hughes & Wood 1990, who measured 
JJ — 12.86 mag and K — 12.69 mag): LI-LMC1721 is not associated with this LPV, because 
thee NIR counterpart that we detect for this IRAS source is much redder than the LPV. The 
samee is true for LI-LMC1721c, whereas LI-LMC1721d is too faint to be the LPV. We identify 
LI-LMC0937bb with SHV0523536-700128, an LPV with a period of 381 days (Hughes k Wood 
1990,, who measured J = 10.84 mag and K = 9.48 mag). The IRAS source LI-LMC1759 lies 
att the edge of a small open cluster of perhaps a dozen stars within 0.5' diameter, and may 
thereforee not be related to any individual star. The galaxies are discussed below. 

2.3.22 Serendipitous detections 

Wee have calculated the separations of the IRAS point sources and the NIR sources detected 
withh IRAC2 (Fig. 2.2: accumulated starting at infinity, and normalised to the total number of 
sources).. The IRAS position is generally accurate to 5 to 15 arcsec, depending mainly on the 
122 /xm flux level, but can be off by more than half an arcminute (paper II) . 
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Tablee 2.1 Names (see text), NIR positions, separations A of IRAS and NIR source (in arcsec), J and K band magnitudes and (J — A') colours, 
IRASS 12 and 25 /im fluxes (in Jy) and ([12] - [25]) colours for the objects in our sample. We adopt ([12] - [25]) = -2.51og{(Si2/S25) x 
(6.73/28.3)},, with Si2 and S2s the flux density in Jy in the IRAS 12 and 25 /im bands, respectively (IRAS Explanatory Supplement 1988). 
1-crr error estimates are given for the NIR photometry. 

LI I IRAS S 
positivepositive identifications: 
0099 9 
0109 9 
0136 6 
0180 0 
0297 7 
0344 4 
0603 3 
0782 2 
1092 2 
1198 8 
1813 3 
1817 7 
1818 8 
positive positive 
1821 1 
tentative tentative 
0326 6 
0530 0 
0777 7 
1316 6 
1624 4 
1721 1 
1803 3 
NIRNIR non 
0374 4 
0671 1 
0770 0 
0918 8 
0937 7 
1200 0 
1232 2 
1745 5 
1759 9 
1768 8 

04518-6852 2 

04535-6616 6 
04552-6536 6 
05003-6712 2 
05026-6809 9 
05125-7035 5 
05187-7033 3 
05278-6942 2 
05306-7032 2 
06025-6712 2 
06028-6722 2 
06031-7227 7 

RA(2000) ) 
AGBAGB stars in 

044 51 37.5 
044 52 19.9 
044 53 45.0 
044 55 27.7 
055 00 19.4 
055 02 21.7 
055 12 00.4 
055 18 09.3 
055 27 23.8 
055 30 06.1 
066 0231.3 
066 02 44.8 
066 02 07.2 

Dec(2000) ) 
hehe LMC 

-688 47 32 
-677 22 37 
-666 11 43 
-655 31 06 
-677 07 53 
-688 05 22 
-700 32 22 
-700 31 15 
-699 39 43 
-700 30 40 
-677 12 47 
-677 22 42 
-722 27 19 

identification:identification: LMC red supergiant or Galat 
06045-6722 2 
identifications. identifications. 
05019-6751 1 

05185-6806 6 

05439-6555 5 
05478-7045 5 
05588-6944 4 

-detections -detections 
05039-7002 2 
05150-6942 2 

05232-7111 1 
05237-7000 0 

05315-7145 5 
05495-7034 4 
05509-6956 6 
05522-7120 0 

fieldfield stars 
0297b b 
0603b b 
0937b b 
1198b b 
1624b b 
1721b b 
1721c c 
1721d d 
1818b b 
1818c c 
galaxies galaxies 
0603c c 
1759b b 
1803b b 
I818d d 

066 04 25.2 
posl-AGBposl-AGB or 

055 01 49.0 
055 09 40.4 
055 18 28.1 
055 33 12.5 
055 44 07.0 
055 47 12.5 
055 58 26.4 

055 00 20.1 
055 12 04.5 
055 23 26.3 
055 30 08.0 
055 44 01.8 
055 47 11.5 
055 47 12.4 
055 47 11.4 
066 02 11.8 
066 02 14.5 

055 12 05.4 
055 50 38.5 
055 58 17.3 
066 02 12.8 

-677 23 10 
thermalthermal pulse 

-677 47 28 
-699 24 17 
-688 04 05 
-699 42 33 
-655 53 47 
-700 44 16 
-699 43 35 

-677 08 47 
-700 33 14 
-699 58 49 
-700 30 47 
-655 54 42 
-700 43 50 
-700 44 02 
-700 43 59 
-722 26 41 
-722 27 43 

-700 32 04 
-699 55 41 
-699 44 11 
-722 27 36 

A A 

13 3 
29 9 

J J 

>I9.3 3 
111 61 

99 >22.6 
33 3 
10 0 
47 7 
4 4 

46 6 
3 3 
4 4 

15.94 4 
12.04 4 

>20.6 6 
>19.0 0 

15.63 3 
>20.2 2 
>19.8 8 

100 >20.0 
15 5 18.39 9 
122 >20.5 

tictic foreground 
6 6 6.9 9 

starsstars in LMC 
20 0 
6 6 

44 4 
45 5 
27 7 
10 0 
51 1 

45 5 
53 3 
71 1 
8 8 

42 2 
33 3 
20 0 
26 6 
42 2 
30 0 

31 1 
59 9 
41 1 
19 9 

17.19 9 
13.01 1 
17.05 5 
17.11 1 
19.13 3 
17.80 0 
18.92 2 

16.52 2 
16.43 3 
11.67 7 
18.45 5 
18.09 9 
12.65 5 
133 98 
15.78 8 
17.73 3 
17.77 7 

15.44 4 
15.40 0 
17.56 6 
15.67 7 

<yj <yj 

0.5 5 
00 01 
0.4 4 
0.04 4 
0.06 6 
0.4 4 
0.2 2 
0.08 8 
0.4 4 
1.0 0 
0.3 3 
0.05 5 
0.3 3 

star star 
0.1 1 

0.07 7 
0.06 6 
0.05 5 
0.07 7 
0.14 4 
0.05 5 
0.06 6 

0.07 7 
0.07 7 
0.04 4 
0.27 7 
0.06 6 
0.04 4 
004 4 
0.04 4 
0.05 5 
0.04 4 

0.06 6 
0.05 5 
0.04 4 
0.05 5 

K K 

16.57 7 
9.13 3 

15.55 5 
11.69 9 
9.48 8 

12.93 3 
13.99 9 
11.64 4 
14.26 6 
15.88 8 
13.26 6 
12.50 0 
17.30 0 

6.4 4 

15.74 4 
11.94 4 
14.79 9 
14.89 9 
16.63 3 
15.09 9 
16.57 7 

14.98 8 
14.80 0 
10.38 8 
16.81 1 
16.24 4 
12.55 5 
12.82 2 
15.26 6 
16.02 2 
15.83 3 

13.90 0 
14.44 4 
15.61 1 
13.99 9 

OK OK 

0.13 3 
0.01 1 
0.07 7 
0.02 2 
0.04 4 
0.04 4 
0.04 4 
0.04 4 
0.04 4 
0.04 4 
0.02 2 
0.02 2 
0.17 7 

0.1 1 

0.06 6 
0.04 4 
0.03 3 
0.03 3 
0.07 7 
0.04 4 
0.04 4 

0.06 6 
0.06 6 
0.02 2 
0.18 8 
0.05 5 
0.02 2 
0.02 2 
0.04 4 
0.04 4 
0.06 6 

0.04 4 
0.04 4 
0.03 3 
0.02 2 

JJ - K 

>2.7 7 
2.48 8 

>7.0 0 
4.25 5 
2.56 6 

>7.7 7 
>5.0 0 

3.99 9 
>5.9 9 
>3.9 9 
>6.7 7 

5.89 9 
>3.2 2 

0.5 5 

1.45 5 
1.07 7 
2.26 6 
2.22 2 
2.50 0 
2.71 1 
2.35 5 

i.54 4 
1.63 3 
1.29 9 
1.6 6 
1.85 5 
0.10 0 
1.16 6 
0.52 2 
1.71 1 
1.94 4 

1.54 4 
0.96 6 
1.95 5 
1.68 8 

trj-K trj-K 

0.6 6 
00 01 
04 4 
0.04 4 
0.07 7 
0.4 4 
0.2 2 
0.09 9 
0.4 4 
1.0 0 
0.3 3 
0.05 5 
0.3 3 

0.1 1 

0.09 9 
0.07 7 
0.06 6 
0.08 8 
0.16 6 
0.06 6 
0.07 7 

0.09 9 
0.09 9 
0.04 4 
0.3 3 
0.08 8 
0.04 4 
0.04 4 
0.06 6 
0.06 6 
0.07 7 

0.07 7 
0.06 6 
0.05 5 
0.05 5 

512 2 

0.37 7 
0.22 2 
0.19 9 
0.15 5 
0.44 4 
0.33 3 
0.41 1 
0.19 9 
0.37 7 
0.30 0 
0.44 4 
0.67 7 
0.52 2 

0.44 4 

0.26 6 
0.22 2 
0.19 9 
0.19 9 
0.19 9 
0.26 6 
0.19 9 

0.15 5 
00 30 
0.26 6 

0.19 9 
0.57 7 
0.15 5 
015 5 
0.48 8 
0.19 9 

525 5 

0.22 2 
0.22 2 
0.33 3 
0.22 2 
0.44 4 
0.67 7 
0.44 4 
0.78 8 
0.44 4 
0.33 3 
0.44 4 
0.33 3 
0.56 6 

0.33 3 

0.44 4 
0.22 2 
0.39 9 
0.22 2 
0.22 2 
0.44 4 
0.56 6 

0.56 6 
0.44 4 
0.33 3 
0.22 2 
0.44 4 
0.73 3 
0.78 8 
0.89 9 
0.78 8 
0.22 2 

[12]]  - [25] 

0.99 9 
1.56 6 
2.16 6 
1.98 8 
1.56 6 
2.33 3 
1.64 4 
3.09 9 
11 75 
1.66 6 
1.56 6 
0.79 9 
1.64 4 

1.25 5 

2,13 3 
1.56 6 
2.34 4 
1.72 2 
1.72 2 
2.13 3 
2.73 3 

2.99 9 
1.98 8 
1.82 2 

2.47 7 
1.83 3 
3.35 5 
3.49 9 
2.09 9 
1.72 2 

Thee reddest sources with (J — K) > 3 mag (bold line) are undoubtedly the IRAS coun-
terparts.. The combined area of our 31 fields covers ~ 10-3 square degrees. The area of the 
LMCC covered by the selection in paper I measures ~ 102 square degrees. Only if there were of 
thee order of 105 such NIR-red sources would one expect to have detected one serendipitously. 
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Figuree 2.2: Cumulative distribution over separation of the IRAC2 and IRAS positions, of 
positivee and tentative IRAC2 identifications with {H-K) > 3 mag (bold solid) and {H-K) < 3 
magg (thin solid), serendipitously detected NIR point sources (dotted) and galaxies (dashed). 

Theree are of the order of 102 IRAS detected (post-)AGB star candidates (paper I) . Hence the 
populationn of stars with (./ - A") > 3 mag that are not detected by IRAS would have to be at 
leastt 103 as many as the IRAS-detected stars in the LMC. The number of planetary nebulae 
(PNe)) in the LMC is estimated at 1100 (Pottasch 1984). The PN lifetimes of ~ 104 years are 
veryy similar to the lifetimes of the mass-losing AGB phase (less than 105 years). Assuming that 
alll  mass-losing AGB stars wil l eventually form PNe. we estimate the number of mass-losing 
AGBB stars in the LMC to be 10' at most, arguing against the possibility of a population of 105 

LM CC stars with (J - K) > 3 mag. 

Thee bluer sources, with (.ƒ - K) < 3 mag, that we consider as positive or tentative iden-
tificationss (thin line in Fig. 2.2) could be contaminated by M R stars that are not associated 
withh the IRAS source. But these cannot be many, as seen from the similarity of the separation 
distributionn to that of the reddest sources. The serendipitously detected NIR sources (field 
stars)) and the galaxies have very similar separation distributions, much broader than the sep-
arationn distributions of the positive identifications. This is indicative of their not being the 
IRASS counterpart. 

AA field of view of 130" x 75" (the deep area only) implies an expected mean separation of 
40.6""  for a serendipitous detection. The mean separation for our serendipitous detections is 37", 
andd 38" for the galaxies. We suspect that the detection probability near the edges is somewhat 
lower.. Essentially all our detections are situated in the deep area. The mean separation is 18" 
forr the reddest, and 23" for the bluer positive and tentative identifications. Replacing 2 or 3 
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off  the reddest stars with separations of 18" by the same number of stars but with separations 
off  37.5", we generate a separation distribution with a mean of ~ 23". Hence we expect there 
mayy be 2 or 3 serendipitous detections in the group of positive and, more likely, tentative 
identificationss with (J - K) < 3 mag. This is too small to affect the conclusions that we reach 
inn the present study. 

2.3.33 Galaxies as a probe of the interstellar  extinction inside the 
LM C C 

Wee discovered a few galaxies, which are probably not related to the IRAS point sources. Since 
thee galaxies are located behind the LMC they could, in principle, be used as probes of the 
interstellarr reddening through the LMC. If the (J - K) colour excess of ~ 0.7 mag is due to 
extinctionn by dust inside of the LMC, a visual extinction of Ay ~ 4 mag is indicated; the 
extinctionn through the entire LMC would vary between Ay ~ 0 and Ay > 4 mag. This could 
havee severe consequences for the observation of stars inside of the LMC. Although Oestreicher 
ett al. (1995) showed the foreground reddening towards the LMC to be only Av ~ 0.18 mag on 
average,, stars inside the LMC could suffer from visual extinction of a few magnitudes. 

Aree the measured colours of the galaxies intrinsic to them, or have they been severely 
affectedd by interstellar reddening through the LMC? The intrinsic colours of a galaxy depend 
onn its kind. The magnitudes for the galaxies approximately represent the total integrated light. 
Theree is no sign of steep colour gradients, although the bulges or nuclei appear somewhat 
redder.. LI-LMCl818d (Fig. 2.3) is a bright edge-on spiral galaxy. LI-LMC0603c (Fig. 2.4) 
iss a face-on spiral galaxy (A) interacting with another galaxy (B) and possibly with a third 
galaxyy (C). All other objects in the images of LI-LMCl818d and LI-LMC0603c are unresolved. 
LI-LMCl759dd is probably a spiral galaxy seen under a small inclination angle, but its position 
closee to the edge of the field severely degraded the quality of its image. LI-LMCl803b is small 
andd barely resolved. 

Normall  galaxies are confined to (J - K) between ~ 0.8 and 0.9 mag (e.g. Glass 1984; Silva 
1996).. Only LI-LMC1759d has a colour consistent with a normal galaxy. LI-LMCl818d may 
sufferr from extinction by dust in its disk because of its edge-on orientation, but the red colour 
off  the near-face-on LI-LMC0603c cannot be explained easily by extinction inside of a normal 
galaxy. . 

Galaxiess with anomalous IR colours include emission line galaxies. Whitelock (1985b) 
presentedd NIR data on a sample of thirteen IRAS galaxies, probably H II galaxies. Their mean 
{J{J - K) colour was 1.25 mag, with a standard deviation of only 0.13 mag. But the (J - K) 
colourss of our reddened galaxies are still consistent with the reddest H II galaxies, while both 
Seyfertt 1 and 2 galaxies can assume (J - K) colours in excess of 2 mag (Glass k Moorwood 
1985;; Almudena et al. 1996; Kotilainen & Ward 1994). Active galaxies usually have strong 
colourr differences between the nucleus and the rest of the galaxy, something which we do not 
seee in our galaxies. 

Theree is less doubt about the question whether our galaxies could be the counterparts of 
thee IRAS sources in the field. The large distances between the galaxies and the IRAS positions 
and/orr the presence of a NIR-redder point source in the field already suggest that the detection 
off  the galaxies was a mere coincidence. Also, the mid-IR colours of galaxies detected by IRAS 
aree different from those of our sources. The IRAS galaxies discussed by Whitelock (1985b) 
havee IRAS colours typical of cold dust, with 560/S25 ~ 8  1. This would have lead to 60 //m 
fluxflux densities for our IRAS sources of ~ 3 to 6 Jy, whereas the measurements indicate they 
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relat ivee Declination 

Figuree 2.3: J-band (left) and K-band (right) images of the edge-on spiral galaxy LI-LMC1818d. 
Coordinatess are in arcseconds, relative to the nucleus of the galaxy. Contour levels are between 
2.22 x 10"28 and 1.1 x 1(T26 erg cm-2 s"1 Hz"1 per square arcsecond, with intervals of 2.2 x 10"28 

ergg cm"2 s"1 Hz"1 per square arcsecond, the same for both images. Note that East is down 
andd North is to the left. 

relativ ee Oeclinatio n relativ ee De c 

Figuree 2.4: J-band (left) and K-band (right) images of the face-on spiral galaxy LI-LMC0603c 
(A),, interacting with a second (B) and possibly a third galaxy (C). Coordinates are in arcsec-
onds,, relative to the nucleus of galaxy A. Contour levels are between 2.6 x 10"28 and 6.4 x 10"2 

11 Hz * per 
squaree arcsecond, the same for both images. Note that East is down and North is to the left. 
ergg cm"2 s"1 Hz"1 per square arcsecond, with intervals of 1.3 x 10 28 erg cm 

cann only be ~ 1 Jy at most. Whitelock's galaxies have K magnitudes of ~ 11 to 12 mag, 
whichh is considerably brighter than our galaxies, whereas their IRAS 25 /jm flux densities are 
comparable.. Hence we cannot exclude the possibility that our reddened galaxies have mid-IR 
excesss emission below the sensitivity of IRAS, but they are not the counterparts of the IRAS 
sources. . 

Thee B and R-band photometry for the red sources in the fields of LI-LMC0603 and LI-
LMC18188 is presented in Table 2.2. The stars that we identified as the NIR counterparts of 
thee IRAS point sources LI-LMC0603 and LI-LMC1818 were not detected down to ~ 22nd mag 
inn the R-band. The other NIR-red objects do indeed have optically red counterparts, both 
thee stars and the galaxies. Moreover, we discovered two very red stars in the Dutch telescope 
fieldfield of LI-LMC0603c, and a red galaxy in the Dutch telescope field of LI-LMC1818d, all three 
whichh are outside the corresponding IRAC2 fields. The (B - R) colour of ~ 5 mag for the 
twoo red stars LI-LMC0603d and LI-LMC0603e implies severe inter- or circumstellar extinction 
(Whitelockk et al. 1996). The red (B - R) colour of galaxy LI-LMC1818e is remarkably similar 
too that of the galaxy LI-LMC1818d. Active galaxies are often optically blue (Véron-Cetty & 
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Tablee 2.2: Positions, R-band magnitudes and (B - R) colours for the red sources in the Dutch 
telescopee fields of LI-LMC0603 and LI-LMC1818. 

LI-LM C C 
0603b b 
0603c c 
0603d d 
0603e e 
1818b b 
1818c c 
1818d d 
1818e e 

'' RA(2000) 
055 12 04.5 
055 12 05.4 
055 11 51.5 
055 12 23.4 
066 02 11.8 
066 02 14.5 
066 02 12.8 
066 01 54.0 

Dec(2000) ) 
-700 33 14 
-700 32 04 
-700 33 32 
-700 33 05 
-722 26 41 
-722 27 43 
-722 27 36 
-722 27 04 

R R 
18.866  0.04 
17.500  0.02 
15.455  0.02 
15.266  0.02 
19.499  0.06 
19.622  0.08 
17.777  0.03 
16.788  0.02 

(B-R) (B-R) 
3.44  0.9 
2.300  0.12 
5.066  0.17 
5.011  0.11 
3.77  1.5 
2.77  0.4 
2.444  0.24 
2.477  0.10 

remarks s 
NIR-redd star 
face-onn NIR galaxy 
redd star outside IRAC2 field 
redd star outside IRAC2 field 
NIR-redd star 
NIR-redd star 
edge-onn NIR galaxy 
galaxyy outside IRAC2 field 

Véronn 1996 adopt (B - R) = 0.57 mag). They can be optically red, though, as is the case for 
IRASS galaxies (P. Véron, private communication; see also Due et al. 1997). 

Wee have taken the Lauberts-Valentijn ESO catalogue of galaxies (Lauberts & Valentijn 
1989)) to investigate the variation in galaxy (B - R) colours across the sky in the vicinity of 
thee LMC. We had to sample in four square degree bins in order to obtain useful statistics. We 
identifiedd a region of 64 square degrees centred at Ah Right Ascension and -62° Declination, 
thatt was relatively well populated (148 galaxies) and that appeared to be representative for 
thee colours of galaxies unaffected by extinction through the Magellanic Clouds system. This 
regionn yielded a mean (B - R) — 1.09  0.17 mag, with minimum and maximum (B - R) 
off  0.70 and 1.38 mag respectively. We can compare this to the bins containing our galaxies 
LI-LMC0603cc and LI-LMCl818d. Each of these bins contained one galaxy from the above 
mentionedd catalogue. Although this is statistically very poor, it is interesting to note that the 
galaxyy near LI-LMC0603c has (B - R) = 1.74 mag, and the galaxy near LI-LMCl818d has 
(B(B - R) = 1.44 mag, both considerably redder than the estimated typical colour. Comparing 
thee (B - R) colours of the galaxies LI-LMC0603c and LI-LMCl818d with the canonical value 
off  (B — R) ~ 1.09 mag, we arrive at extinctions of Ay ~ 2.2 mag. 

Iff  we compare the positions of our galaxies with the dust column density maps by Schwering 
(1989)) we notice that the dust distribution in the LMC is rather patchy as compared to the 
SMC.. Two of our reddened galaxies are situated at the East side. Although they lie outside of 
thee area covered by the dust map, it is at the East side that there appears to be a massive dust 
complex.. Some of the serendipitously discovered red stars may thus be normal stars, situated 
behindd a local, but large amount of dust in the LMC. Alternatively, they may be the nuclei of 
normall  galaxies as seen through the LMC. In that case, the dust causing the reddening of the 
galaxyy colours may be situated behind the main body of the LMC, leaving the colours of the 
starss in the LMC unaffected. 

Thee colours and morphologies of the galaxies, the fact that we detect only a few galaxies of 
whichh most are red, and the presence of other red objects in their projected vicinities all provide 
circumstantiall  evidence for severe interstellar extinction inside or behind the LMC. However, 
itt is based on very littl e data and should be confirmed by the systematic study of the colours 
off  galaxies seen through the LMC. 
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Figuree 2.5: (K — [12]) versus (J - K) diagram for the carbon stars (a) and oxygen stars (b) of 
thee Galactic sample of Guglielmo et al. (1993). We adopt [12] = -2.51og(S12/28.3), with Sl2 

thee flux density in Jy in the IRAS 12 jim band (IRAS Explanatory Supplement 1988). From 
thesee data we derived the carbon star (dotted) and oxygen star (solid) sequences. The dashed 
linee indicates the possible existence of a secondary sequence for the oxygen stars. 

2.44 The nature of the IRAS counterparts 

Inn this section we classify the IRAS counterparts as mass-losing AGB stars that are oxygen 
richh (O), carbon rich (C) or that are not distinguishable between oxygen stars and carbon stars 
(OC).. We argue that some of the stars may be post-AGB or thermal pulse stars (post /TP). 
Thee arguments used in classifying the stars are explained below, and the results are tabulated 
inn Table 2.4. 

2.4.11 Chemical classification from colours and magnitudes 

Galact icc compar ison sample 

Inn paper II we show how in a (K — [12]) versus (H — K) diagram carbon stars are distinguished 
fromm oxygen stars. A similar diagram can be made using (J — K). In Fig. 2.5 we present the 
(K(K — [12]) versus (J — K) diagnostic diagram for the carbon stars (Fig. 2.5a) and the oxygen 
starss (Fig. 2.5b) from the Galactic sample described in paper II . It is clear that in the Milk y 
Wayy the (K — [12]) versus (J — K) diagram can also be used to separate carbon stars from 
oxygenn stars. The Galactic carbon star sequence (dotted straight line) is described by the 
empiricall  relation 

{J-K){J-K) =  2-{1 + {K-{12\)) (2.2) 

Thee Galactic oxygen star sequence (solid curved line) approximately satisfies an infinite series 
off  the form 

oo o 

(JJ - K) = 13 x Y, 10~3" {K - [12])3n (2.3) 
711 = 0 
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Theree is a hint of a secondary sequence of oxygen stars, indicated by the dashed line in Fig. 
2.5b.. Later we discuss the stars at this side of the principal sequence in the (K — [12]) versus 
(JJ — K) diagram in more detail. From now, we assume that there be no substantial differences 
betweenn the (K — [12]) versus (J - K) diagrams for mass-losing AGB stars in the Milky Way 
andd in the LMC. 

LM CC sample 

Thee (K — [12]) versus (J — K) diagram for the stars of the present sample in the direction of the 
LMCC is given in Fig. 2.6, together with a diagram of the K-band magnitudes versus (J - K). 
Thee sequences we have drawn in the latter diagram are estimated from the positions of AGB 
starss and red supergiants in the LMC as compiled by Loup & Groenewegen (1994). LMC red 
supergiantss and foreground stars are predominantly occupying a linear sequence, approximated 
inn Fig. 2.6a by 

KK = -2.5 + 10(7 - K) (2.4) 

Mass-losingg AGB stars in the LMC follow the curved sequence towards red (J — K) colours, 
approximatedd in Fig. 2.6a by 

KK - 1 0 . 3+ 0.4 ( ( J- K)-3)2 (2.5) 

Usingg the (A" —[12]) versus (J — K) diagram we can classify several stars as being mass-losing 
AGBB stars either on the oxygen star sequence (solid) or on the carbon star sequence (dotted), 
withh the carbon stars to be found exclusively amongst the optically thickest sources. But there 
aree several stars that have too large a 12 fxm excess for their (J — K) colour, or alternatively 
aree too blue in (J — K) for their 12 /mi excess to be on the AGB. Of these, LI-LMC1821 is 
farr too bright in the K-band to be an AGB star in the LMC, and it is probably a foreground 
star.. Another peculiar source is LI-LMC0530, which lies on the Loup & Groenewegen (1994) 
sequencee at a blue (J — K) colour. We will come back to this source later. The remaining six 
outlierss are all faint in the K-band, and five of them are redder than (J — K) = 2 mag. Up to 
threee of the stars with lower limits to their (J — K) colours might be similar to the group of 
sixx outliers as well. The field stars are distributed over a larger range of K-band magnitudes, 
andd like the galaxies they are all bluer than (J — K) — 2 mag. This suggests that the outliers 
andd the field stars are of different nature. 

Anotherr way of separating AGB carbon stars from AGB oxygen stars is the (J — K) versus 
([12]]  — [25]) colour-colour diagram. For this purpose, we have estimated the carbon star and 
oxygenn star sequences from Le Bertre (1993) and Le Sidaner & Le Bertre (1994). The average 
carbonn star sequence may be approximated by: 

[12]-[25]]  = - 0 . 1 + 0 . 1 6 ( J - K) (2.6) 

Thee average oxygen star sequence may be approximated by: 

[12]-[25]]  =0.55 + 0.21(J- K) (2.7) 

Thee (J - K) versus ([12] - [25]) diagram for the stars of our sample is given in Fig. 2.7, 
togetherr with diagrams of the (K — [12]) colours and the 12 pm magnitudes versus ([12] — [25]). 
Forr the errors on the IRAS flux densities we have adopted formal values of la = 0.03 Jy. The 
(J(J — K) versus ([12] — [25]) diagram does not work well for our sample mainly because the lower 
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Figuree 2.6: K-band magnitudes (a) and (K - [12]) colours (b) versus (J — A') colours for 
thee identified NIR counterparts of the IRAS sources (squares), the serendipitously detected 
starss (triangles) and the detected galaxies (circles), with la error bars. We adopt [12] = 
-2.51og(5i2/28.3),, with Su the flux density in Jy in the IRAS 12 [im band (IRAS Explanatory 
Supplementt 1988). The dotted lines in the upper panel represent the AGB stars in the LMC 
fromm Loup & Groenewegcn (1994). In the lower panel the Galactic AGB carbon star (dotted) 
andd oxygen star (solid and dashed) sequences from Fig. 2.5 are indicated. We also plotted 
arrowss corresponding to an extinction in the visual of Ay = 10 mag. 
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Figuree 2.7: (J - K) (a) and (A" - [12]) (b) colours, and IRAS 12 /xm magnitudes (c) versus 
IRASS ([12] - [25]) colours for the identified NIR counterparts of the IRAS sources (squares) 
andd the non-identifications (triangles), with 1-CT error bars. We adopt [12] = -2.5 log(512/28.3) 
andd ([12] - [25]) = -2.51og{(512/525) x (6.73/28.3)}, with Sl2 and S23 the flux density in Jy 
inn the IRAS 12 and 25 /j,m bands, respectively (IRAS Explanatory Supplement 1988). In the 
upperr panel, the Galactic AGB carbon star (dotted) and oxygen star (solid) sequences from Le 
Bertree (1993) and Le Sidaner & Le Bertre (1994) are indicated. 
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limit ss to the (J — K) colours of several stars allow these stars to lie either on the oxygen star 
sequencee (solid) or on the carbon star sequence (dotted). The outliers of the (K - [12]) versus 
(J(J - K) diagram have relatively blue (J - K) colours. Alternatively they may be characterised 
byy relatively cool dust envelopes because of their relatively red ([12] — [25]) colours. From the 
[12]]  versus ([12] - [25]) diagram it appears that the IRAS sources for which no counterpart was 
foundd (triangles) may have cooler dust envelopes and/or may experience less severe mass loss, 
butt these indications are very marginal (see also paper II) . We also note that if the counterpart 
wouldd not have been particularly red or bright as compared to the other stars in the field, we 
mayy have failed to recognise the counterpart as such. This may be the case for PNe, which can 
havee blue (J - K) colours between 0 and 0.5 mag due to strong He I line emission at 1.083 /zm 
(Whitelockk 1985a). 

2.4.22 Post-AGB star candidates 

Itt is interesting to compare the identified NIR counterparts of the IRAS sources as found in the 
presentt study, with the sample from van der Veen et al. (1989: VHG-89). The latter sample 
consistsconsists of a compilation of Galactic objects thought to be in the transition from the AGB to 
thee planetary nebula phase. Their distances and absolute magnitudes are not known, so that 
wee can use this sample in the colour-colour diagrams but not in the colour-magnitude diagrams. 

Thee {J - K), {K - [12]) and ([12] - [25]) colours are plotted versus eachother in Fig. 2.8 
(circless for the present sample, and dots for the VHG-89 sample). The VHG-89 stars have 
cooll  dust envelopes and have larger 12 /xm excesses for their (J - K) colours than would be 
reconcilablee with mass-losing AGB stars. The six outliers of the present sample roughly overlap 
withh the VHG-89 sample. We classify the six outliers therefore tentatively as post-AGB stars. 
Theyy would be related to the VHG-89 post-AGB stars with relatively warm dust envelopes, 
andd either have relatively large 12 fj,m excesses or be optically thick in the K-band. We cannot 
excludee that one or more of the LMC post-AGB star candidates are actually AGB stars that 
havee recently experienced a thermal pulse (see section Discussion). 

2.4.33 The stellar counterpart of LI-LMC1821 

Thee IRAS point source LI-LMC1821 is identified with a bright NIR star. Our BVRi photometry 
iss presented together with the NIR and IRAS photometry in Table 2.3. The {B-V) and (V-i) 
colourss indicate a non-reddened, early-M type spectrum (Iyengar & Parthasarathy 1997). We 
plott the spectral energy distribution in Fig. 2.9 (squares), together with an arbitrarily scaled 
30000 K blackbody. We also plotted mean fluxes of the M0 (open circles) and M5 (solid circles) 
giantt from Fluks et al. (1994), scaled to a distance of 1.5 kpc. LI-LMC1821 may be a late-K or 
early-MM giant at a similar distance, and a member of the Galactic halo or thick disk population 
(Robinn et al. 1996). Alternatively, it may be a very luminous red supergiant in the LMC, with 
aa bolometric luminosity of M 0̂\ ~ —9.7 mag. The small IR excess indicates a thin CSE as a 
resultt of modest mass loss. The IRAS colours are consistent with a detached CSE (van der 
Veenn & Habing 1988), so that it may be a Galactic post-AGB star, but as the source is not 
detectedd at 60 ^m this is not conclusive. It is surprising that it has not been listed in any stellar 
cataloguee or survey, despite that it is bright at optical wavelengths. It would be interesting to 
obtainn a radial velocity measurement discriminating between membership of the LMC or the 
Milk vv Wav. 
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Figuree 2.8: (K - [12]) colours versus ([12] - [25]) (a) and (./ - K) (b) colours, and (J - K) 
colourss versus ([12] - [25]) colours (c), for identified NIR counterparts of the IRAS sources in 
thee present sample (circles, and squares for the possible post-AGB or Thermal Pulse stars) 
andd the sample of post-AGB stars of VHG-89 (dots). We adopt [12] = - 2 . 5 log(512/28.3) and 
([12]] - [25]) = -2.51og{(S1 2 /S2 5) x (6.73/28.3)}, with Su and 5 2 5 the flux density in Jy in the 
IRASS 12 and 25 /xm bands, respectively (IRAS Explanatory Supplement 1988). The Galactic 
AGBB carbon star (dotted) and oxygen star (solid and dashed) sequences are as in Fig. 2.5 and 
Fig.. 2.7. 

Tablee 2.3: BVRiJK-band magnitudes, and IRAS 12 and 25 ^m flux densities of the star LI-
LMC1821. . 

B B R R J J 5i22 (Jy) 5 2 5 (Jy) 
11.755  0.15 10.27  0.06 9.04  0.04 7.52  0.05 6.9 6.4 0.44 0.33 
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Figuree 2.9: Observed spectral energy distribution of LI-LMC1821 (squares), and the MO (open 
circles)) and M5 (solid circles) giants from Fluks et al. (1994) scaled to a distance of 1.5 kpc, 
togetherr with a 3000 K blackbody (dotted). 

2.55 Bolometric luminosities 

Wee calculate bolometric luminosities for the stars that we identified as the NIR counterparts 
off the IRAS point sources. The method for estimating the unobserved part of the spectral 
energyy distribution is based on the average NIR colours for obscured AGB stars, and will be 
describedd in a forthcoming paper. The method for obtaining the integrated luminosity under 
thee spectral energy distribution is described in paper II and originally in Whitelock et al. (1994). 
Wee adopted a distance modulus to the LMC of (m — M)0 = 18.47 mag (Feast & Walker 1987). 
Thee results are tabulated in Table 2.4. 

Thee cumulative luminosity distributions of the different classes of stars are presented in 
Fig.. 2.10a. In principle we could derive the luminosity distribution by differentiation of the 
cumulativee distribution function. In practice the errors would be huge because of the small 
numberr of stars. Instead, we apply Gaussian broadening by replacing each star with absolute 
bolometricc magnitude Mb0i,* by 

"normm X eXp{-{Mbol ~ A / b o l i , ) 2 } (2.8) ) 

wheree nno rm = 0.564 to normalise to unity per star. The FWHM of the star has thereby 
becomee 0.83 magnitude. Then we take the sum of the luminosity-broadened stars. A scientific 
motivationn for applying the broadening to mass-losing AGB stars is that they are LPVs with 
bolometricc amplitudes of about one magnitude but only observed at a single NIR epoch. The 
luminosityy distributions are presented in Fig. 2.10b (line types are the same as in Fig. 2.10a). 
Theyy represent the distribution over luminosity of the IRAS-detected AGB stars in the LMC, 
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Tablee 2.4: Bolometric magnitudes and object classes of the positive identifications in the LMC: 
oxygenn (O), carbon (C) or inconclusive (CO) mass-losing AGB stars, and post-AGB or Thermal 
Pulsee (post/TP) stars. 

LI-LM C C 

009 9 9 

010 9 9 
0136 6 

0180 0 
029 7 7 
0326 6 

034 4 4 
053 0 0 

0603 3 
077 7 7 
0782 2 

1092 2 
1198 8 
1316 6 
1624 4 
1721 1 

1803 3 
1813 3 
1817 7 
1818 8 

M»l l 
-5.4 2 2 

-6.2 8 8 
-4.9 5 5 

-5.0 1 1 
-6.3 6 6 
-5.2 7 7 

-5.8 2 2 
-5.5 5 5 
-5.6 5 5 

-4.9 9 9 
-5.5 0 0 
-5.5 7 7 
-5.3 0 0 
-4.8 3 3 
-4.8 2 2 

-5.2 7 7 
-5.1 3 3 
-5.7 8 8 
-6.1 2 2 
-5.8 9 9 

0 0 

X X 

X X 

X X 

X X 

X X 

OC C 

X X 

X X 

X X 

C C 
X X 

X X 

X X 

X X 

X X 

post/T P P 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

andd they are likely to be incomplete, especially at the faint end. We assume that this does 
nott seriously affect the relative distributions of the carbon and oxygen stars. The ratio of the 
numberr of carbon stars over the number of oxygen stars as a function of luminosity is derived 
byy dividing the luminosity distribution function of the carbon stars by that of the oxygen stars 
(Fig.. 2.10c). We have done this for the two extreme cases that all OC stars be carbon stars 
(dotted)) or that all OC stars be oxygen stars (solid). The real luminosity relation of the fraction 
off carbon stars lies in between these two extremes. 

2.66 Discussion 

2.6.11 AGB stars 

Thee AGB stars that we (re-)discovered have thick CSEs according to their large (J — K) and 
(K(K — [12]) colours. Le Sidaner & Le Bertre (1996) derive an empirical relation between the 
continuum+linee optical depth r of an oxygen-rich CSE at 10 fim and its (J — K) colour: 

T~0.8X(J-K)-1.2T~0.8X(J-K)-1.2 (2.9) 

Apartt from the foreground star LI-LMC1821 and the object LI-LMC0530, the positive identi
ficationss between NIR and IRAS sources have (J — K) between 2.22 and more than 7.7 mag, 
indicatingg optical depths at 10 /zm in the range 0.6 to 5 or more. All serendipitous detections 
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Figuree 2.10: (a) Cumulative distribution function of the stars over absolute bolometric mag
nitude:: "oxygen" stars (solid), "oxygen or carbon" stars (dashed), "carbon" stars (dotted), 
alll AGB stars (bold solid) and post-AGB candidates (dash-dotted), (b) Applying Gaussian 
broadeningg (see text) we derive the distribution functions N. (c) From this we derive the dis
tributionn function of the ratio of carbon to oxygen AGB stars for two extreme cases of carbon 
starr favoured (all OC stars are C stars; dotted) and oxygen star favoured (all OC stars are O 
stars;; solid). 
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Figuree 2.11: (K - [12]) versus (,ƒ - A) colours according to our sequences for carbon (dotted) 
andd oxygen (solid) obscured AGB stars, and according to the parameterisation of the optical 
depthh at 10 /j,m by Le Sidaner & Le Bertre (1996, dashed). All are derived empirically. We 
adoptt [12] = -2.51og(512 /28.3), with S12 the flux density in Jy in the IRAS 12 /mi band (IRAS 
Explanatoryy Supplement 1988). 

havee ( J - A') <2 mag, indicating small optical depths. Because we could not detect all stars in 
thee J-band, the (A' - [12]) colour is a better tool for studying the optical depth of the obscured 
AGBB stars. Le Sidaner & Le Bertre (1996) derive an empirical relation between the optical 
depthh of the CSE at 10 /an and the (K — [12]) colour: 

logrr = 4.51 x log(A - [12]) - 3.37 (2.10) 

Ourr obscured AGB stars would have optical depths between 0.6 and 45. Post-AGB stars would 
nott satisfy both the ( J - A " ) and (A-[12]) relations for the optical depth, as these two relations 
definee a path in the (A - [12]) versus (,ƒ - K) diagram that is unique to the obscured AGB 
stars: : 

(AA - [12])4'51 = 1875 x ( J - A) - 2813 (2.11) 

Itt is clear from Fig. 2.11 that Le Sidaner &  Le Bertre give a sequence for oxygen-rich obscured 
AGBB stars which is reasonably consistent with our oxygen star sequence. We note that they 
correctedd the IRAS 12 /um fluxes for the spectral slope, assuming blackbody temperatures 
betweenn 300 and 2000 K. The colour correction factor then ranges between about 0.92 and 1.38 
respectively.. This makes their (A - [12]) colours change by -0 .09 mag in the case of a 300 
KK blackbody, and 0.35 mag in the case of a 2000 K blackbody. As the stars with thick CSEs 
generallyy have the lower blackbody temperatures, the difference between the Le Sidaner & Le 

ii | i i i 1 1 1 1 1 1 1—r 

== o x y g e n s t a r s 

== Le S i d a n e r & Le B e r t r e 
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Bertree track and our oxygen star sequence in the (K - [12]) versus (J - K) diagram would only 
bee appreciable at the smallest (J - K), and only a few tenths of a magnitude at most. 

Thee most luminous star in our sample has a bolometric magnitude Mboi = -6.4 mag, a 
factorr of two fainter than the theoretical AGB limit as derived from the Chandrasekhar limit for 
thee core mass and the core mass-luminosity relation from Paczyiiski (1971). The mass-losing 
AGBB star sample of paper II spanned the luminosity range between Mboi ~ -4.9 and -7.2 
mag.. Our new sample consists of fainter stars on average, but with M^i = -5.0 mag our 
faintestt star is not fainter than those of paper II. 

Carbonn stars are more numerous at fainter luminosities relative to oxygen stars. The two 
brightestt stars have oxygen-rich CSEs but the brightest carbon star, with Mbo[ = -6.1 mag, is 
nott much fainter than these two oxygen stars. On the other hand, the faintest star is a carbon 
starr but the faintest oxygen star has the same Mboi = -5.0 mag. Hence we conclude that we 
doo not detect a luminosity regime in which the mass-losing AGB stars are exclusively either 
carbonn stars or oxygen stars. 

Thiss could mean that luminous AGB stars are prevented from becoming carbon stars, 
startingg from luminosities as low as Mboi 5 mag. Hot Bottom Burning (HBB) may be 
responsiblee for this, as the inner boundary of the convective mantles of the more massive AGB 
starss becomes sufficiently hot for CN processing to occur (Sugimoto 1971; Iben 1975; Scalo et 
al.. 1975). The co-existence of oxygen and carbon stars over a large range of luminosity may 
bee explained as a consequence of a spread in metallicity. Mass-losing oxygen stars would be 
metall poor and experience HBB at Mbo[ ~ - 5 mag, whereas mass-losing carbon stars would 
bee more metal rich and not experience HBB at Mbo\ ~ - 5 mag. A thorough discussion of the 
luminosityy distribution function and mass-loss rates of the mass-losing AGB stars in the LMC 
iss postponed to later chapters, in combination with the sample of paper II. 

2.6.22 Futur e searches for  mass-losing AGB stars 

Wee have been successful in detecting NIR counterparts in approximately two out of every 
threee cases. Of these, approximately two out of every three cases turned out to be mass-losing 
AGBB stars. Of these, approximately one out of every two cases was too faint to be detected 
inn the J-band. Would it still be worthwhile to search for NIR counterparts of the remaining 
377 IRAS sources? Current attempts to find NIR counterparts may in some cases already be 
limitedd by the ground-based NIR searches rather than by the IRAS mid-infrared detections. 
Thee ISO mission is expected to yield an extensive data base of new mid-infrared point sources. 
Iff ISO will detect bolometrically fainter stars exhibiting similar mass-loss rates to those of the 
obscuredd stars which are IRAS counterparts, then it will be difficult or impossible to detect 
theirr NIR counterparts with presently available ground-based instruments. However, if it turns 
outt that (nearly) all of the new ISO detections have NIR counterparts, it will demonstrate that 
bolometricallyy fainter stars exhibit lower mass-loss rates. 

2.6.33 Post-AGB stars 

Too investigate further the nature of the suspected post-AGB candidates in our sample, we 
havee taken a closer look at the VHG-89 sample. They classify their post-AGB candidates into 
classess I, II, III, iva and ivb, based on the shape of the infrared spectral energy distribution. 
Thee higher the class, the more evolved the post-AGB object: class I is characterised by warm 
dustt completely obscuring the underlying cool star, while in later classes the dust shell becomes 
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Figuree 2.12: {K - [12]) colours versus ([12] - [25]) (a) and (./ - K) (b) colours, and ( J - K) 
colourss versus ([12] - [25]) colours (c), for the VHG-89 sample of post-AGB stars. We follow 
theirr classification into classes I, II. Ill, IVa and IVb. The boxes are derived from their data 
byy calculating the mean and standard deviation for each colour, per object class. We adopt 
[12]] = -2.51og(S12 /28.3) and ([12] - [25]) = -2.5Iog{(S 1 2 /S 2 5) x (6.73/28.3)}, with 51 2 and 
S-25S-25 the flux density in Jy in the IRAS 12 and 25 /an bands, respectively (IRAS Explanatory 
Supplementt 1988). The Galactic AGB carbon star (dotted) and oxygen star (solid and dashed) 
sequencess are as in Fig. 2.5. 

detached,, exposing the underlying, increasingly hotter star. They also argued that classes I and 
III result from more massive stars than the later classes. For each class of stars in the VHG-89 
samplee we have calculated the mean and standard deviation of the ( J - A'), (K - [12]) and 
([12]] - [25]) colours. We drew boxes in the colour-colour diagrams, centred at the mean colours 
andd having sides measuring two times the standard deviations of the colours. In this way we 
obtainn a schematic picture of the positions of the VHG-89 classes in the colour-colour diagrams 
(Fig.. 2.12). Indeed, the dust becomes cooler (redder ([12] - [25]) colour) and optically thinner 
(bluerr (J-K) colour) with increasing class. The early classes with obscured stars generally 
havee larger (K - [12]) and/or larger (J - K) than do the optically visible stars from class IV. 

Thee LMC post-AGB star candidates could be identified with the VHG-89 classes II and ill. 
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Thee dust of the LMC stars may be warmer than that of similar stars in the Milky Way if the 
dust-to-gass ratio in CSEs of LMC stars is smaller, permitting stellar radiation to permeate far
therr out into the CSE, thus heating the dust to higher temperatures. Also the water abundance 
mayy be smaller in the LMC, causing the oxygen-rich CSEs to cool less efficiently. Similarly, 
lowerr CO and/or HCN abundances may cause warmer carbon-rich CSEs. This would result in 
somewhatt smaller ([12] - [25]) in the LMC than in the Milky Way. The colours of the LMC 
post-AGBB star candidates are indeed similar to the VHG-89 stars with relatively warm dust. 
Thee LMC post-AGB star candidates may have slightly smaller (J - K) colours because their 
CSEss are optically thinner due to the lower dust-to-gas ratio, but this could also be explained 
byy selection effects: three of our newly identified IR stars with large (K - [12]) colours have 
lowerr limits to their (J - K) colours that would still permit them to be post-AGB candidates. 
Onn the other hand, the VHG-89 sample is constructed with a blue cut-off at ([12] - [25]) = 2 
mag,, selecting against the bluemost sources. 

Wee compared the luminosities of the LMC post-AGB star candidates to those of the five R 
Coronaee Borealis (RCB) stars known in the LMC (Alcock et al. 1996), which are also believed to 
bee post-AGB stars, and to the luminosities of PNe in the LMC. The latter we took from Dopita 
kk Meatheringham (1991), Zijlstra et al. (1994) and Dopita et al. (1997). For some of these 
PNee we know whether they result from an oxygen- or carbon-rich AGB star. The luminosity 
distributionss are presented in Fig. 2.13. We note that we do not have complete samples of any of 
thee type of objects shown. The distributions of the post-AGB star candidates are only shown 
downn to Mboi = -4.6 mag, since this is approximately the detection limit of the combined 
IRAS/IRAC2bb search. The distributions of the post-AGB stars, RCB stars and PNe are very 
similar,, all dropping steeply from Mhol 5 to Mbo) 6 mag. In fact, the only object more 
luminouss than Mbol = -5.6 mag is the unusual PN SMP-83 (Dopita et al. 1993). 

Thee PNe for which the C/O ratio is known can be used to derive the distributions of the 
oxygen-- and carbon-rich PNe in the LMC, and their ratio (Fig. 2.13c). From this we conclude 
thatt the chemical composition of the PNe is consistent with the chemical composition of the 
presentt small sample of new mass-losing AGB stars. 

Wee note that some of the PNe and two of the RCB stars in the LMC have been detected by 
IRASS at 12 /im at a level of ~0.1 to 0.2 Jy (Zijlstra et al. 1994; Moshir et al. 1992; Alcock et 
al.. 1996), indicating that objects are capable of maintaining their 12 /xm flux after they have 
leftt the AGB. Hence the fact that the LMC post-AGB star candidates are detected at 12 /im 
byy IRAS does not necessarily imply their post-AGB age. Zijlstra et al. note that the IRAS 
detectedd LMC PNe have blue ([12] - [25]) colours, relative to Galactic PNe. They attribute this 
too selection effects. The LMC post-AGB star candidates also have blue ([12] - [25]) colours, 
relativee to Galactic post-AGB star candidates. NIR-optical spectroscopy for the faint, obscured 
LMCC post-AGB star candidates is difficult but may be possible. If they are indeed post-AGB 
stars,, their spectra are expected to be of intermediate type (A, F, G). However, this would not 
excludee the possibility that they are binary systems (e.g. Whitelock et al. 1995). 

Iff we assume that, down to a certain lower bolometric luminosity limit, we are equally 
incompletee for the currently available samples of mass-losing AGB stars (combining paper II 
withh this paper), post-AGB stars and PNe then we can, in principle, estimate their relative 
lifetimes.. It is more difficult to do this for AGB stars that have not been detected by IRAS, 
becausee many of them will still evolve significantly in bolometric luminosity. Comparing bolo
metricc luminosity limited samples of IRAS detected and non-detected AGB stars therefore 
resultss in comparing different populations of stars, with different main-sequence masses. A 
syntheticc evolution approach is needed to infer the AGB lifetimes for stars of different main-
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Figuree 2.13: (a) Cumulative distribution function of the LMC objects over absolute bolometric 
magnitude:: post-AGB star candidates (dot-dashed), R Corona Borealis stars (dashed), oxygen-
richh PNe (solid), carbon-rich PNe (dotted), and all PNe (including the PNe for which the C/O 
ratioo is not known; bold solid), (b) The distribution functions derived in the same way as in 
Fig.. 2.10. (c) The distribution function of the ratio of carbon-rich to oxygen-rich PNe. 
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sequencee masses (Groenewegen & de Jong 1994). The known PNe have been selected in a 
differentt way than the post-AGB and mass-losing AGB stars, because of the different observa
tionall properties of these objects. Hence it is not obvious that the currently known sample of 
PNee is equally incomplete as the currently known samples of post-AGB and mass-losing AGB 
stars.. Amongst the IRAS point sources that remain to be searched for NIR counterparts, there 
mayy be a significant number of post-AGB and/or mass-losing AGB stars, in perhaps different 
relativee numbers than those presently observed. There may also be none. Amongst the IRAS 
pointt sources that we could not identify with a NIR counterpart, there may be optically visible 
post-AGBB stars, or not. The most we can say is that the currently available data suggest that 
thee mass-losing AGB, post-AGB and PN stages all have similar lifetimes, for a star with an 
AGB-tipp bolometric luminosities between Mb0| 5 and - 6 mag, i.e. that has a progenitor 
masss in the range of 2.5 to 4 M© (Vassiliadis & Wood 1993). More massive stars seem to have 
post-AGBB and PN lifetimes that are considerably shorter than their mass-losing AGB lifetimes. 

2.6.44 Thermal Pulse stars 

Thee suspected secondary sequence in the (A"-[12]) versus {J-K) diagram for Galactic oxygen 
starss does have some overlap with the VHG-89 stars, but the latter are mostly found having 
largerr (K - [12]). This can be partly due to larger optical depths of the CSEs of the VHG-
899 stars, to the extent that the CSE becomes optically thick in the K-band, but it cannot 
explainn the position of the VHG-89 class iv at small {J-K). Probably the VHG-89 stars 
havee more massive CSEs, yielding a larger 12 /jm flux, but these CSEs are detached, yielding 
smalll column densities towards the star and hence small (J-K). Consequently, stars at the 
secondaryy sequence are not expected to evolve directly into stars with larger (K - [12]). If 
thee stars from VHG-89 are post-AGB stars, then they are expected to have evolved from large 
(J(J - K) and (K - [12]), first getting smaller (J - K) before also getting smaller (K - [12]). 
Hencee the secondary sequence may be related to the VHG-89 class I only. The fact that we 
noticedd a secondary sequence, rather than a gradient from the primary sequence into the VHG-
899 areas of the (K - [12]) versus (J - K) diagram suggests that the secondary sequence and 
perhapss the VHG-89 class I are not related to the VHG-89 post-AGB classes n to iv. We can 
explainn them instead as stars that only temporarily stopped losing mass, possibly as a result of 
aa thermal pulse (TP). They are then expected to return to the AGB and resume heavy mass 
losss (Zijlstra et al. 1992). 

Itt is difficult to discern a TP star from a post-AGB star, since both experience the same 
phenomenon:: the CSE becomes detached. But at least statistically there are differences to 
bee expected that can be observed in the near and mid-IR: the (K - [12]) is expected to be 
statisticallyy larger for a post-AGB star than for a TP star. There are three reasons for this. 
First,, post-AGB stars shrink while maintaining the same bolometric luminosity, and therefore 
theyy must increase in effective temperature. This results in increased heating of the CSE, 
counteractingg at least partly the cooling of the CSE as a result of its increasing distance to 
thee star. TP stars do not change as much in effective temperature, and hence the detaching 
CSEE of a TP star cools more rapidly than that of a post-AGB star. Second, as the effective 
temperaturee increases but not the bolometric luminosity, the star will become fainter in the 
K-band,, increasing its (K - [12]) colour. Although TP stars may have decreased in bolometric 
luminosity,, this is expected to be at most one magnitude (Vassiliadis k Wood 1993). Third, 
post-AGBB stars are more evolved than TP stars. They have experienced mass loss for a longer 
timee span, yielding more massive CSEs and consequently larger 12 /an fluxes. 
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LI-LMC05300 has too small a ([12] - [25]) colour for its (K - [12]) colour to be a normal 
post-AGBB star candidate, relative to both the VHG-89 stars and the six LMC post-AGB star 
candidatess discussed above. It is also much brighter in the K-band than the other LMC post-
AGBB star candidates, which suggests an optically thin CSE. Whitelock et al. (1995) found 
twoo stars in the South Galactic Cap that they explained as TP stars because of their lack 
off variability. These two stars have (J - K) and ([12] - [25]) colours similar to those of LI-
LMC0530,, but their (K - [12]) colours are much smaller than that of LI-LMC0530, and even 
smallerr than the secondary sequence in the (K - [12]) versus (J - K) diagram. In fact these 
Galacticc TP star candidates are more similar to normal mass-losing AGB stars. This can be 
understoodd if they experienced one of their first TPs, before they had built up a massive CSE 
thatt yields a significant 12 //m excess. LI-LMC0530 seems to take an intermediate position 
betweenn post-AGB stars and TP stars. 

LI-LMC05300 is identified with the LPV SHV0510004-692755: an LPV with an I-band 
amplitudee of 1.24 mag and a period of 169 days. Hughes k Wood (1990) give a spectral type 
off M6. It obeys the period-luminosity relation for the K-band magnitude perfectly, although 
bolometricallyy it is 4 to 5 times more luminous than the AGB stars that define the period-
luminosityy relation (Reid et al. 1995). LI-LMC0530 must have been a mass-losing AGB star in 
thee past because it has a large 12 /im excess. It may now be pulsating in a (high) overtone, and 
maybee it will resume Mira variability and mass loss. If it is a post-AGB star at present, then 
itit must be in a very early post-AGB stage because its effective temperature has not increased 
much.. But in this case we would expect the star to be obscured by an optically thick CSE. 
Thiss contradicts its small (J - A'), unless we invoke a highly aspherical shape of the CSE. We 
concludee that the nature of LI-LMC053O is uncertain: it may be an early post-AGB star of 
classs IV, or a star recovering from the effects of one of its last thermal pulses on the AGB. 
Alternatively,, the measured flux at wavelengths shorter than ~ 2/jm may have been affected 
byy the presence of another star in the line-of-sight. 

2.77 Summary 

Ourr search for NIR counterparts of IRAS point sources in the direction of the LMC was aimed 
att finding obscured AGB stars in the LMC: we found 13 of them. The (A'-[12]) versus ( J - A ) 
diagramm is shown to be well suited for discriminating between mass-losing oxygen and carbon 
stars.. Comparison between the luminosity distributions of the oxygen and carbon stars suggests 
thatt the fraction of carbon stars is smaller at bolometric luminosities around A/bo) ~ - 6 mag 
thann around Mbol ~ - 5 mag. Oxygen and carbon stars co-exist at all luminosities, but the 
neww sample of obscured AGB stars does not include luminosities as bright as MboI ~ - 7 mag. 
Analysiss of the combined sample of known obscured AGB stars in the LMC will be presented 
inn the next chapters. 

Besidess the obscured AGB stars, we found a probable Galactic halo star or very luminous 
LMCC red supergiant. We also found 7 probable IRAS counterparts which have large (J - K) 
colourss but not as large as the obscured AGB stars. Comparison with a sample of post-
AGBB objects in the Milky Way as compiled by van der Veen et al. (1989) suggests that these 
NIRR detections are likely to be post-AGB stars, with luminosities around Mho] ~ - 5 mag. We 
investigatedd the possibility that they are AGB stars recovering from the occurrence of a thermal 
pulse.. Although this cannot be ruled out completely, we found it difficult to reconcile their 
NIRR and IRAS colours with those of stars in the Milky Way that are suspected to experience 
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thiss short evolutionary phase. 
Wee also detected several objects with (J - K) colours larger than for normal stars but 

nott as large as the IRAS counterparts. They are not related to the IRAS source in the field. 
Althoughh two of them are identified with known LPVs in the LMC, the remaining few stars 
mayy be LMC stars that are reddened by interstellar extinction inside the LMC. This suggestion 
iss supported by the serendipitous detection of a few galaxies with larger (J - K) colours than 
normall galaxies, indicating reddening by the LMC corresponding to a visual extinction of a 
feww mag. This would have severe consequences for the study of stars inside the LMC, that are 
oftenn assumed not to suffer significant interstellar extinction. 
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Chapterr 3 

Obscuredd Asymptotic Giant Branch 
starss in the Magellanic Clouds: Carbon 
starss and OH/ IR stars 

JaccoJacco Th. van Loon, Albert A. Zijlstra, Patricia A. Whitelock, Peter te Lintel Hekkert, Jessica 
M.M. Chapman, Cecile Loup, M.A.T. Groenewegen, L.B.F.M. Waters, Norman R. Trams, 1998, 
A&AA&A 329, 169 

Wee present N-band photometry for a sample of 21 dust-enshrouded AGB stars in the Large 
Magellanicc Cloud, and three additional sources in the Small Magellanic Cloud. Together with 
near-infraredd photometry, this is used to give a tentative classification into carbon and oxygen-
richh atmospheres. Bolometric luminosities are also estimated for these stars. In addition, we 
presentt the results of a survey for OH masers in the LMC, which resulted in the discovery of OH 
masermaser emission from IRAS04407-7000. Spectra between 600 and 1000 nm have been obtained 
forr two heavily obscured AGB stars in the LMC, confirming them to be highly reddened very 
latee M-type giants. Because the dust-enshrouded stars are clearly undergoing heavy mass 
losss they are assumed to be very near the termination of their respective Asymptotic Giant 
Branchh phases. The fraction of mass-losing carbon stars decreases with increasing luminosity, 
ass expected from Hot Bottom Burning. The best candidate carbon star, with Mb0i ~ —6.8 
mag,, is the most luminous mass-losing carbon star in the Magellanic Clouds, and amongst the 
mostt luminous AGB stars. At lower luminosities (Mboi ~ —5 mag) both oxygen and carbon 
starss are found. This may be explained by a range in metallicity of the individual mass-losing 
AGBB stars. 

3.11 Introductio n 

Luminouss Asymptotic Giant Branch (AGB) stars in the Large Magellanic Cloud (LMC) were 
expectedd to become carbon stars as a result of third dredge-up of carbon to the stellar pho
tosphere.. The absence of carbon stars brighter than A/boi ~ - 6 mag came therefore as a big 
surprisee (Iben 1981). Hot Bottom Burning (HBB: cf. Iben & Renzini 1983) has been proposed 
ass a mechanism to avoid producing luminous carbon stars by burning the carbon into nitro
genn and oxygen before it reaches the stellar photosphere. Both third dredge-up and HBB are 
poorlyy understood phenomena, and better observational constraints on the theoretical models 
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aree required. It has been stated that in the LMC there is not only a deficiency of luminous 
carbon-stars,, but a general deficit of AGB stars more luminous than Mbo] ~ - 6 mag: where a 
feww hundred are expected, the observed number is a factor ten smaller (Frogel et al. 1990; Reid 
ett al. 1990). 

Untill recently, searches for AGB stars in the MCs had been limited to optically bright stars 
(e.g.. Blanco et al. 1980; Westerlund et al. 1981; Costa & Frogel 1996 and references therein). 
Suchh stars may evolve further along the AGB, changing luminosity, chemical composition and 
otherr (circum-)stellar parameters. On the upper AGB they experience heavy mass loss and 
becomee enshrouded in dust, making them practically invisible at optical wavelengths and ac
cessiblee only in the infrared (IR) (see Habing 1996 for a review). These obscured AGB stars 
presumablyy represent the end product of AGB evolution, and can be used directly to test the 
predictionss of stellar evolution theories. They may account for some fraction of the missing 
luminouss AGB stars. The luminous carbon stars, that are absent in samples of optically visible 
AGBB stars, might also be found amongst the obscured AGB stars. 

Afterr the IRAS satellite opened the thermal-IR window towards the MCs, the first samples 
off obscured AGB stars and red supergiants (RSGs) in the MCs were compiled (Whitelock et 
al.. 1989; Reid 1991; Wood et al. 1992). We have significantly extended the sample of known 
obscuredd AGB stars in the MCs. In paper I (Loup et al. 1997) we selected IRAS point sources 
ass candidate obscured AGB stars in the LMC. In paper II (Zijlstra et al. 1996) and Chapter 2 
(vann Loon et al. 1997) new near-IR (NIR) counterparts for a large subsample of these candidates 
weree discussed. A total of 46 obscured AGB stars in the LMC and 5 in the SMC have now been 
identified,, allowing a detailed study of the population of obscured AGB stars in the MCs to 
bee made. In this paper we present the results of an attempt to classify these stars into oxygen 
andd carbon stars, and to study their luminosity distributions. 

Opticallyy bright AGB stars are relatively easy to classify as carbon- or oxygen-rich from low-
resolutionn spectra in the 500 to 800 nm region. In the NIR, carbon stars are often distinguished 
fromm oxygen stars by their (J - K) colours (e.g. Feast et al. 1982). These methods do not work 
forr obscured AGB stars which are optically too faint, and whose NIR colours are more dependent 
onn the optical depth of the circum-stellar envelope (CSE) than on the effective temperature 
(Feastt 1996). For obscured stars, OH maser emission indicates an oxygen-rich CSE, but few 
evolvedd stars in the MCs have detectable OH masers (Wood et al. 1992) and this technique is of 
limitedd use in the LMC. The IRAS ([25] - [60]) versus ([12] - [25]) two-colour diagram may be 
usedused to separate carbon-rich CSEs from oxygen-rich CSEs (van der Veen 1989), but the MCs 
aree too distant for the IRAS instruments to yield reliable 60 //m flux densities. Guglielmo et al. 
(1993)) demonstrated the use of combined near- and mid-IR colour-colour diagrams in isolating 
carbonn stars in the Milky Way. In paper II and Chapter 2 we confirmed that the (A' - [12]) 
versuss (H - K) or (J - K) diagram can be used successfully for the MCs. This is the principal 
methodd we use here to chemically classify our MC sample of obscured AGB stars, with in a 
feww cases an optical spectrum or an OH maser detection too. 

InIn Sect. 3.2 we present N-band photometry for 21 obscured AGB stars in the LMC, 2 in 
thee SMC and the SMC red supergiant (RSG) or foreground star, VV Tuc. These stars form 
aa subsample of the obscured AGB candidates in paper II. In Sect. 3.3 we discuss additional 
NIRR photometry from SAAO for these sources. Sect. 3.4 describes the results of a search for 
OHH maser emission from fields in the LMC, centred at known obscured AGB stars, trying to 
extendd the known sample of OH/IR stars in the LMC (Wood et al. 1992). Sect. 3.5 presents 
optical/NIRR spectra of obscured AGB stars in the LMC. In Sect. 3.6 we discuss the (K - [12]) 
versuss (H - K) diagram used to classify the AGB stars according to the chemical type of their 



CarbonCarbon stars and OH/IR stars 37 7 

Tfcblee 3d Names, Heliocentric Julian Dates, K and N-band magnitudes, (H - K) and (K - [12]) colours for the stars in our N-band photometry 
sample.. We adopt [12] = N - 0.33 mag (see text). 1-tr error estimates are given. 

IRAS S 
SMC SMC 
00165-7418 8 
00350-7436 6 
01074-7140 0 
LMC LMC 
04286-6937 7 
04374-6831 1 
04407-7000 0 
04496-6958 8 
04498-6842 2 
04539-6821 1 
04557-6753 3 
05003-6712 2 
05009-6616 6 
05099-6740 0 
05112-6755 5 
05112-6739 9 
05117-6654 4 
05128-6455 5 
05190-6748 8 
05203-6638 8 
052911 -6700 
05329-6709 9 
05348-7024 4 
05360-6648 8 
05506-7053 3 
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TRM023 3 
TRM004 4 
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TRM072 2 

TRM020 0 
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9676.70 0 
9676.72 2 
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9676.76 6 
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K K 

7.1 1 
9.13 3 
9.6 6 

11.07 7 
12.42 2 
9.17 7 
8.84 4 
7.51 1 
12.7 7 
11.56 6 
10.8 8 
11.00 0 
11.41 1 
12.3 3 
12.9 9 
11.39 9 
10.36 6 
12.4 4 
10.50 0 
10.1 1 
9.4 4 
14.4 4 
13.9 9 
12.2 2 

OK OK 

0.3 3 
0.03 3 
0.1 1 

0.10 0 
0.05 5 
0.05 5 
0.02 2 
0.01 1 
0.1 1 
0.02 2 
0.2 2 
0.05 5 
0.07 7 
0.1 1 
0.2 2 
0.03 3 
0.02 2 
0.1 1 
0.03 3 
0.3 3 
0.1 1 
1 1 
1 1 
0.2 2 

N N 

4.67 7 
5.20 0 
4.99 9 

5.99 9 
6.09 9 
5.30 0 
5.03 3 
3.70 0 
5.81 1 
4.94 4 
5.89 9 
5.23 3 

>6.86 6 
4.94 4 
5.24 4 
5.45 5 
4.93 3 
4.86 6 
6.00 0 

>6.99 9 
3.70 0 
5.17 7 
6.30 0 

>6.14 4 

<TjV V 

0.06 6 
0.04 4 
0.03 3 

0.07 7 
0.07 7 
0.05 5 
0.04 4 
0.03 3 
0.06 6 
0.03 3 
0.10 0 
0.02 2 
0.23 3 
0.03 3 
0.05 5 
0.13 3 
0.04 4 
0.03 3 
0.09 9 
0.28 8 
0.02 2 
0.02 2 
0.08 8 
0.11 1 

(H-K) (H-K) 

0.24 4 
1.08 8 
0.38 8 

1.76 6 
2.46 6 
1.11 1 
1.40 0 
0.53 3 
2.7 7 
2.12 2 
1.56 6 
1.75 5 
1.19 9 
2.17 7 
2.7 7 
1.70 0 
1.53 3 
2.9 9 
1.65 5 
0.97 7 
2.20 0 
4.9 9 
2.8 8 
2.4 4 

O(H-K) O(H-K) 

0.10 0 
0.01 1 
0.02 2 

0.02 2 
0.02 2 
0.02 2 
0.01 1 
0.01 1 
0.2 2 
0.07 7 
0.10 0 
0.02 2 
0.01 1 
0.15 5 
0.2 2 
0.10 0 
0.02 2 
1.0 0 
0.02 2 
0.10 0 
0.05 5 
1.0 0 
0.6 6 
0.2 2 

(K(K - [12]) 

2.76 6 
4.26 6 
4.94 4 

5.41 1 
6.66 6 
4.20 0 
4.14 4 
4.14 4 
7.22 2 
6.95 5 
5.24 4 
6.10 0 

<4.88 8 
7.69 9 
7.99 9 
6.27 7 
5.76 6 
7.87 7 
4.83 3 

<3.44 4 
6.03 3 
9.56 6 
7.93 3 

<6.39 9 

<f(K-<f(K-

0.3 3 
0.05 5 
0.10 0 

0.12 2 
0.09 9 
0.07 7 
0.04 4 
0.03 3 
0.12 2 
0.04 4 
0.22 2 
0.05 5 
0.24 4 
0.10 0 
0.21 1 
0.13 3 
0.04 4 
0.1 1 
0.09 9 
0.4 4 
0.1 1 
1.0 0 
1.0 0 
0.23 3 

CSEs.. We also study the position of the RSGs in this diagram. In Sect. 3.7 we derive bolometric 
luminosities,, and investigate the time variability in the N-band. The luminosity distributions 
off the obscured AGB stars and the relative distributions of the carbon- and oxygen-rich stars 
aree derived. We discuss the results and summarise the conclusions. 

3.22 Mid-infrare d imaging photometry 

Wee used the ESO 10 /mi camera TIMMI (Kaufl et al. 1992) at the 3.6 m telescope at La Silla 
onn the nights of 1994 November 19/20 and 20/21 to obtain N-band photometry (A0 = 10.10 
/mi,, AA = 5.10 /mi). This filter is centred on the silicate dust feature, which is prominent in 
oxygen-richh CSEs. We chose a scale of 0.5" per pixel, giving a field of view of 32" x 32". Because 
off the very high background radiation the standard procedure for observing in the thermal IR 
iss chopping and nodding. We used a chopper throw of 8", which insured that the source was 
inn all of the frames, thereby increasing the signal-to-noise significantly. 

Flat-fieldss were obtained by measuring the flux of a standard star at 13 positions uniformly 
distributedd over the array, and fitting a two-dimensional parabola to the measured values. This 
givess reliable corrections over all but the very edges of the array. We followed the reduction 
proceduree as it is described in Chapter 2 to derive magnitudes. This method is based on 
thee sampling of the point-spread function for each star individually by means of (software-
)aperturee photometry with an increasing aperture size. The deduced magnitude profile is then 
comparedd to that of a standard star. In this way we obtained accurate and reliable magnitude 
measurements,, as well as reliable error estimates. 

Thee N-band magnitudes are listed in Table 3.1, along with their 1-cr error estimates, and 
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thee times of mid-exposure. The exposure times were typically between 10 and 30 min. In the 
casee of a non-detection in the N-band the \-o error indicates the probability that the source 
iss actually brighter than the lower limit given in Table 3.1. We refer to Appendix A for a 
discussionn about the photometric standard stars that are available for the N-band. 

3.33 Near-infrared photometry 

Thee N-band photometry is complemented by near-infrared (NIR) photometry from a project at 
SAAOO to monitor dust-enshrouded Long Period Variables (LPVs) in the LMC. At this stage, 
wee only derived NIR magnitudes and colours for the epoch of N-band measurement, from the 
monitoringg data as it was available in March 1996. 

Thee NIR magnitudes measured at different epochs were interpolated to obtain estimates for 
thee 1994 November epoch of the N-band measurement. The errors on the K magnitudes were 
estimatedd "by eye". They depend on the degree to which the light curve is sampled, as well 
ass on the accuracies of the individual measurements. The (H - K) colour at the time of the 
N-bandd measurement was estimated by interpolating the (H - K) colours as they had been 
measuredd at the different epochs, rather than interpolating H and K magnitudes separately 
andd deriving (H - K) from the interpolated magnitudes. The two values for the (H - K) 
colourr were always consistent with each other, indicating a reliable estimation of the accuracies 
off the estimated individual H and K magnitudes for the 1994 November epoch of the N-band 
measurement.. The results are presented in Table 3.1. For the single epoch NIR photometry of 
IRAS00165-74188 we adopted formal errors of 0.3 and 0.1 mag on K and (H - K) respectively, 
inn accordance with the expected variability (see below). 

Forr IRAS05291-6700, IRAS05348-7024 and IRAS05360-6648 the IRAC2 data from paper 
III were used. We transformed the magnitudes from the IRAC2 system to the SAAO system 
(Carterr 1990) using (Lidman 1995): 

JSAAOO \ / 1-125 0 -0.125 \ / JIRAC2 \ 
HSAAOO = -0-032 1 0.032 x tfIRAC2 (3.1) 
A'sAAOO / V ° 0 5 9 0 0.941 / V tflRAC2 / 

Forr the reddest sources, the difference is of the order of a few tenths of a magnitude. The formal 
errorss include the effects of the faintness of the source, the difference in epochs between the 
IRAC22 and TIMMI observations, the expected amplitude of variability, and the error introduced 
byy the conversion from the IRAC2 to the SAAO photometric system. For IRAS05348-7024 we 
assumedd an IRAC2 J-band magnitude of JIRAC2 = 24, to be able to calculate the transformation 
too the SAAO system. This value has been chosen to be consistent with the expected SAAO J-
bandd magnitude (see Appendix B). The error introduced by this assumption will not dominate 
thee error in the derived NIR magnitudes. The (H - K) colour for IRAS05190-6748 has been 
estimatedd from the (K - L) colour as described in Appendix B, adopting a formal error of 1.0 
magnitude. . 

3.44 A search for OH maser emission from two LMC fields 

Thee presence of a strong OH maser in a mass-losing star is direct evidence that the star is 
oxygen-rich.. OH maser emission has previously been detected from six luminous AGB stars 
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andd RSGs in the LMC by Wood et al. (1992). Their detections, with the Parkes 64m radio 
telescopee with an OH detection level of ~ 60 mJy, suggested that the expansion velocities 
off OH/IR stars in the LMC are substantially lower than for OH/IR stars in the Milky Way. 
Zijlstraa et al. (1996) and van Loon et al. (1996; Chapter 5), however, found a difference of only 
~~ 20 to 30% at most. The OH (non-)detections demonstrated that the LMC OH/IR stars 
aree likely to have optically thinner CSEs than their galactic counterparts. Less IR pumping, 
togetherr with a lower oxygen abundance, may then lead to the low OH maser flux densities of 
thee LMC sources. 

Inn order to test whether OH maser emission could be detected from sources with lower 
infraredd luminosities, we decided to search for OH maser emission at 1612 MHz in two LMC 
fieldsfields of size 0.5 x 0.5 square degrees. The selected fields were centred at the two IRAS sources 
IRAS04407-70000 and IRAS05112-6755. IRAS04407-7000 is one of the brightest AGB stars 
inn the LMC with an IRAS 12 /an flux density of 0.81 Jy, while IRAS05112-6755 is also an 
AGBB star (paper II), with an IRAS 12 //m flux density of 0.41 Jy. 

3.4.11 OH Observations 
Thee OH maser observations were made with the Australia Telescope Compact Array (ATCA) 
onn 1994 September 5 to 7. The ATCA is an east-west array of six 22 m antennas which has a 
maximumm baseline of 6 km. For a wavelength of 18 cm the angular resolution is approximately 
66 arcsec. 

Thee two fields, centred on the positions of IRAS05112-6755 and IRAS04407-7000, were 
observedd for total on-source integration times of 10 and 3 hrs, respectively. The total spectral 
bandpasss of 4 MHz was centred at 1611 MHz. It was split into 1024 spectral channels, giving 
aa channel separation of 0.71 km s_1 and a velocity resolution of 0.85 km s"1. The data were 
correctedd for atmospheric amplitude and phase variations using observations of strong nearby 
continuumm sources. To calibrate the flux density scale, the primary calibrator source 1934-638 
wass also observed. This was taken to have a flux density of 14.8 Jy at 18 cm. 

Thee data were reduced using routines in the AIPS and MIRIAD radio-astronomy pack
ages.. As considerable interference from the Russian Glonass satellites was present during the 
observations,, the visibility data for the shorter baselines were first edited to remove sections 
containingg strong interference. Glonass interference signals near 1612 MHz are generally de
tectedd on baselines below one km. After removing the interference the data were then Fourier 
transformedd to the image plane. 

3.4.22 Search strategy 

Too search for detections we constructed data cubes on the inner 16.3' x 16.3' of the fields centred 
onn each of the two IRAS sources, covering a velocity range of 170 to 340 km s"1. Each cube 
consistedd of 512 x 512 x 230 pixels of size 2.5" x 2.5" x 0.73 km s_1. Natural weighting was applied 
inn deriving resolution matched spectra from this cube. In this way we achieved final RMS noise 
levelss {l-o) of 12 mJy and 6 mJy for the fields on IRAS04407-7000 and IRAS05112-6755 
respectively. . 

Thee cubes were searched for all spikes above 4.7 a. This resulted in about 250 candidates 
whichh were inspected by eye. The number is consistent with Gaussian distributed noise. All 
off the spikes were single velocity-channel spikes and disregarded as noise. A filter was applied 
too the data allowing us to lower the threshold to 3.5 a. This filter demanded that three 
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IRAS04407-700 0 0 #144 4 #291 1 #321 1 

200 0 300 0 200 0 300 0 200 0 300 0 2000 30 0 
vh. ii  (km/s ) 

Figuree 3.1: Spectra of the 1612 MHz OH maser detection of IRAS04407-7000 (leftmost), and 
thee candidate detections #144 (center left), #291 (center right) and #321 (rightmost). 

Tablee 3.2: Names, radio positions, and heliocentric peak velocities (in km s"1) of the (possible) 
OHH detections. 

Name e 

IRAS04407-70000 04h40m28.5 
#1444 04h40m19.3 
#2911 04h40m34.3 
#3211 04h40m14.O 

RAA (2000.0) Dec (2000.0) uhel 

-69°55'14" " 
-69°57'44" " 
-69°51'19" " 
-69°50'31" " 

239 9 
266 6 
244 4 
226 6 

neighbouringg velocity channels had a combination of fluxes equal or exceeding 1, 0.3 and 0.2 
timess the 3.5 a threshold. Around 450 candidates per field were recovered. This number is 
againn consistent with random noise. Inspection of all individual spectra resulted in a list of a 
feww dozen candidates, the best of which is #321 (our nomenclature). 

3.4.33 OH detections 

Thee candidates were checked for IRAS counterparts. None were found, except for the known 
obscuredd AGB star IRAS04407-7000 (see paper II). The positions of two other candidates 
aree coincident with stars visible on ESO-POSS plates: #144 and #291 . The spectra of four 
candidatee OH-maser sources are shown in Fig. 3.1, and their parameters are given in Table 3.2. 
Alll detections peak with a flux density of about 0.05 Jy (a bit over 4 a). We conclude that one 
neww OH/IR star (IRAS04407-7000) was detected, and that there may be up to a few dozen 
moree OH/IR stars at a flux level of ~40 to 50 mJy. Current technology is able to detect only 
thee brightest stellar masers at the distance of the MCs (Wood et al. 1992; Chapter 5). Any 
significantt improvement in sensitivity would therefore be expected to drastically increase the 
numberr of stellar masers known in the MCs. 

3.55 Optical/NIR spectroscopy of IR stars in the LMC 

Wee used the ESO 3.5 m New Technology Telescope at La Silla on the night of 1996 February 4 
too obtain low resolution (R = 500) spectra between 0.6 and 1 fim of the stars IRAS04509-6922 
andd IRAS04516-6902 to chemically classify their photospheres. The stars were identified from 



CarbonCarbon stars and OH/IR stars 41 1 

theirr very red colours on V and I-band acquisition images. The CCD frames were corrected 
forr the electronic offset (bias) and for the relative pixel response (flatfield). The sky-subtracted 
spectraa were then corrected for the wavelength dependence of the instrumental response, and 
forr atmospheric extinction. 

3.5.11 IRAS04509-6922 and IRAS04516-6902 

Thee spectra of IRAS04509-6922 and IRAS04516-6902 are presented in Fig. 3.2. The strong 
TiOO bands leave no doubt about their photospheres being oxygen rich. We show below that 
theyy are severely obscured by dusty CSEs. They are both luminous, large amplitude variables, 
withh periods of 1290 and 1090 days, respectively (Wood et al. 1992), making them good OH 
maserr candidates. IRAS04516-6902 has not been searched for OH maser emission, while for 
IRAS04509-69222 Wood et al. (1992) derive an upper limit of 0.04 Jy, which is comparable to 
thee flux densities from the new detection(s) discussed above. The only extra-galactic OH/I R 
starr of which an optical spectrum had been taken so far is the extremely bright red supergiant 
IRAS04553-68255 (Elias et al. 1986). 

Wee classify the two IR stars to half a subclass accuracy on the basis of the relative strengths 
off the various molecular bands at about 0.71, 0.77, 0.83, 0.84 and 0.89 /mi (TiO) and at about 
0.74,, 0.79 and 0.86 /mi (VO), comparing with the representative spectra in Turnshek et al. 
(1985)) and especially Fluks et al. (1994). We find very late types of M10 (IRAS04509-6922) 
andd M9 (IRAS04516-6902). The relative strengths of the TiO bands in the 0.97 to 1.02 /mi 
regionn and the absence of FeH absorption at 0.99 /im indicate that these stars are giants not 
galacticc dwarfs (Couture & Hardy 1993). Fluks et al. (1994) assign effective temperatures of 
~~ 2700 K and 2500 K to spectral types of M9 and M10, respectively, but it is not known how 
thiss depends on metallicity. Feast (1996) suggests that Mira variables may be different from 
otherr M-type stars in their relation between spectral type and effective temperature. 

Too quantify the reddening by the CSE, we compare the intensity levels in the spectrum at 
0.700 (xm and 0.84 /an between the programme star and a comparison star of the same spectral 
type.. The spectral slope at these pseudo-continuum wavelengths is relatively flat over some 
0.011 /im, and the result is therefore not very sensitive to the spectral resolution. There may 
bee a slight metallicity effect introduced by the TiO absorption bands at 0.84 /mi, but this is 
probablyy small compared to the effects of extinction. Differential slit losses are not important, 
ass the slit was positioned at the I-band stellar image and the spectra were taken at air masses 
smallerr than 1.5. 

Wee adopt an extinction curve A\/E(B-v) (Fluks et al. 1994, and references therein) and 

Tablee 3.3: Ratio of intensity levels in the spectrum at 0.70 /im and 0.84 /xm. They are estimated 
fromm the intrinsic spectra from Fluks et al. (1994), and from the spectra of the oxygen-rich 
IRR stars shown here. For IRAS04509-6922 and IRAS04516-6902 the derived extinction in 
magnitudess for a Johnson V-band measurement is given. 

Star r 
Flukss et al. 
Flukss et al. 
Flukss et al. 
IRAS04509--
IRAS04516--

-6922 2 
-6902 2 

Spec c 
M8 8 
M9 9 
M10 0 
M10 0 
M9 9 

Type e h.70/h.S4 h.70/h.S4 
0.340 0 
0.250 0 
0.174 4 
0.09 9 
0.10 0 

AAv v 

0 0 
0 0 
0 0 
3.4 4 
4.7 7 
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Figuree 3.2: Spectra of the IR stars IRAS04509-6922 and IRAS04516-6902, and of a serendip-
itouslyy discovered carbon star of which the position is given in 2000 coordinates accurate to 
withinn ~ 2". The spectra of the IR stars are displayed a second time, multiplied by 5 (and 
withh a small offset in flux) to show better the heavily extinguished part around 0.7 //m. The 
fluxflux scales have not been calibrated. The main spectral features are indicated, including the 
strongestt telluric absorption features. 

correctt the Av = R x E(B-V) for the dependence on spectral type (Fluks et al. 1997, who 
calibratee to R = 3.1 for an 07.5V star). We measured the ratio of the intensities at 0.70 ^m 
andd 0.84 ^m for the comparison spectra from Fluks et al. (1994) and for the programme stars: 
IRAS04509-69222 and IRAS04516-6902. From these ratios the extinction Av is derived in 
magnitudess as it would be measured in the Johnson V-band (Table 3.3). The .4 r estimation 
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iss accurate to within a magnitude. Thus it is clear that both stars suffer from significant 
circumstellarr extinction, although less than do typical galactic OH/IR stars which have Ay > 
100 mag (Habing 1996). 

3.5.22 A cluster  carbon star  near  IRAS05298-6957 

Thee OH/IR star IRAS05298-6957 (Wood et al. 1992) could not be identified in the V and 
I-bandd snapshots. It was probably considerably fainter than I = 20 mag (60 s acquisition 
exposure).. Its location in the small star cluster HS327 (Hodge k Sexton 1966) results in severe 
crowdingg and contributes to the difficulty in finding it. 

However,, a very red (in V - I) star was found at the Northern rim of the same cluster, 
aboutt 22" from the position of the OH/IR. A spectrum of this star was obtained, in the same 
wayy as described in section 2.5.0, and is illustrated in Fig. 3.2. The numerous CN bands, e.g. 
att about 0.63, 0.65, 0.67, 0.70, 0.71, 0.73, 0.75, 0.79 and 0.92 /im, and the weak C2 absorption 
att about 1.02 /i, leave no doubt that it is a carbon star. The very red colours which resulted in 
itss discovery are probably a consequence of very strong C2 bands shortward of 0.563 /xm. This 
absorptionn will considerably decrease the V-band flux. 

Unfortunately,, our spectral coverage does not include the 0.44 to 0.6 /im region, upon which 
mostt spectral classification is based (e.g. Keenan 1993). The star is not a galactic dwarf (cf. 
Greenn 1999): the CaH bands at about 0.638 and 0.639 /im are absent, the K I lines at 0.767 and 
0.7700 /im are weak, and the FeH line at 0.99 /im is weak or absent, all of which are enhanced 
inn late-M dwarfs (Jaschek k Jaschek 1987; Turnshek et al. 1985; Couture k Hardy 1993). The 
equivalentt width of the Ca II triplet component at 0.866 /xm is Wx ~ 4.7  0.5 A, suggesting it 
iss a giant not a dwarf (Danks k Dennefeld 1994, and references therein). This is confirmed by 
thee absence of strong absorption by the Na I doublet around 0.819 /im (Alloin k Bica 1989). 
AA 13C isotope super-enhancement, characteristic of J-type carbon stars, is not observed: the 
CNN and C2 bands at 0.606 and 0.619 /im are much stronger than their 13C isotopic equivalents 
att 0.626 and 0.617 /im (Richer et al. 1979). Ha is only barely visible, unlike the strong He* 
absorptionn seen in CH stars (Barnbaum et al. 1996). The Ba n absorption at 0.65 /im is much 
weakerr than in barium stars. The strong CN absorption between ~0.6 and 0.8 /im is suggestive 
off an N-type star (i.e. a star on the thermally pulsing AGB) rather than of an R-type. We 
concludee that the spectral type is C4.5, estimated to half a subtype accuracy by comparison 
withh spectra from Turnshek et al. (1985) and from Barnbaum et al. (1996). 

Thee observed wavelengths of the Ca II triplet lines suggest a large radial velocity for the star 
(~~ 300  100 km s_1) consistent with membership of the LMC. The flux scales of the spectra 
aree not calibrated absolutely, mainly because of unknown slit losses and variable seeing. With 
uncalibratedd acquisition images and the lack of NIR photometry, the bolometric luminosity of 
thee carbon star remains unknown. The apparent association of both an OH/IR star and a 
carbon-starr with a cluster is sufficiently interesting that it is important to ascertain if both are 
actuallyy members. If they are, then the implications of a single population producing an AGB 
carbon-starr and an OH/IR star at the same time will need serious consideration. 
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3.66 Carbon s tars in a (K - [12]) versus (H - K) d iagram 

3.6.11 The Milk y Way 

Inn Fig. 3.3 we present the (K - [12]) versus (H - K) diagnostic diagram. This is used to dis
tinguishh between carbon- and oxygen-rich stars within the galactic sample of carbon stars (Fig. 
3.3a)) and oxygen stars (Fig. 3.3b) that Guglielmo et al. (1993) selected to test the diagnostic 
valuee of IR colour-colour diagrams. We adopt [12] = -2.51og(S12/28.3), where 512 is the flux 
densityy in Jy in the IRAS 12 ^m band (IRAS Explanatory Supplement 1988). The original 
NIRR photometry of Guglielmo et al. is on the ESO system, but we transformed their data to 
thee SAAO system (Carter 1990). The carbon-star sequence (dotted straight line) is described 
byy the empirical relation 

(H-K)=0.3x(K-[12})(H-K)=0.3x(K-[12}) (3.2) 

Itt is remarkable how well this extremely simple relation holds. The oxygen star sequence (solid 
curvedd line) approximately satisfies 

{H-K){H-K)  = 0.2 + 0.03 x (K - [12])2 + 0.0002 x (K - [12])4 (3.3) 

Althoughh less simple than for the carbon-star sequence, the relation for oxygen stars is also 
describedd by a smooth polynomial. The deviation of the oxygen stars from the carbon star 
sequencee for (K - [12]) < 7 mag is caused by the additional emission of the 10 fim SiO feature 
fromm the dusty CSE, while the deviation for (K - [12]) > 7 mag is due to additional absorption 
byy the 10 /xm SiO feature. 

Thee data of Guglielmo et al. (1993) show that in the region of the (K - [12]) versus (H - K) 
diagramm at 5 < (K - [12]) < 9 mag and 1.3 < (H - K) < 3 mag there are many more carbon 
starss (86) than oxygen stars (30). In Fig. 3.3 carbon stars are found rather evenly spread 
alongg their sequence, whereas oxygen stars are rarely found with (H - K) > 2 mag. Moreover 
thee scatter of the most obscured oxygen stars in the (K - [12]) versus (H ~ K) diagram is 
substantial. . 

3.6.22 Magellanic Clouds 

Inn paper II we showed that the (K - [12]) versus (H - K) diagnostic diagram may also be 
applicablee to our sample of obscured AGB stars in the LMC. However, the uncertainties in the 
IRASS fluxes were too large to enable an individual separation into carbon and oxygen stars. 
Noww that we have obtained accurate N-band magnitudes we are able to perform a diagnosis 
off the C/O abundance ratio for individual stars in our sample. Comparison of the N-band 
magnitudess with the IRAS 12 ^m flux densities (paper II) results in (N - [12]) = 0.33  0.11 
mag,, with no evidence for a colour term. The uncertainty given is the uncertainty in the 
estimationn of the mean. Individual values can be off by a magnitude, but this we attribute 
too variability of the sources between the IRAS and N-band epochs (see section on variability) 
ratherr than uncertainties in the derived relation. The derived (K - [12]) colours are listed in 
Tablee 3.1 for the epochs of the N-band measurements. 

Alll the stars in our sample are displayed in the {K - [12]) versus (H - K) diagram (Fig. 
3.4,, large symbols), superimposed with the galactic carbon-star sequence (dotted straight line) 
andd the galactic oxygen-star sequence (solid curved line). We also display the other AGB 
starss and the RSGs from the LMC and SMC as listed in paper II (Fig. 3.4, small symbols). 



CarbonCarbon stars and OH/IR stars 

Figuree 3.3: (A' - [12]) versus (H - A') diagram for the carbon stars (a) and oxygen stars (b) 
off the galactic: sample of Guglielmo et al. (1993). The dotted line and the solid curve are the 
empiricall carbon- and oxygen-star sequences, respectively (see text). 

Eliass et al. (1985) presented 10 ^m photometry of a small subset of their sample of RSGs in 
thee MCs, obtained at CTIO. We treated their 10 fim magnitudes as if they were TIMMI N-
bandd magnitudes, and they are included in Fig. 3.4 for comparison (solid dots and crosses for 
LMCC and SMC members, respectively). All data are on the SAAO photometric system, after 
applyingg transformation equations from Carter (1990) and McGregor (1994) where required. 
Somee stars are confirmed to be oxygen rich, by our narrow-band photometry (paper II) or by 
ourr optical/NIR spectroscopy (shaded symbols), or by the detection of OH-maser radiation 
(boldd symbols). 

3.6.33 Classification by chemical type 

Wee tentatively classify the stars of our N-band photometry sample as oxygen rich or carbon 
rich.. The results are given in Table 3.4. Three stars are probably carbon rich (C). Nine other 
starss have been labeled :-OC' because the type could not be determined. They are situated in 
aa region of the (A' - [12]) versus (H - K) diagram where both carbon and oxygen stars are 
foundd — especially in the region around the carbon-star sequence between (H - K) = 1.3 and 
(K(K - [12]) = 5 mag, and (H - A) = 3 and (A - [12]) = 9 mag. All other stars of our sample 
aree probably oxygen rich (O). 

Wee sample well up to the intersection of the oxygen- and carbon-star sequences at (A -
[12])) ~ 7 mag, where the 10 ^m SiO feature in oxygen stars is thought to go into absorption. 
Thus,, at (H - A') ~ 5 mag IRAS05348-7024 must be an oxygen star with strong 10 /xm 
absorption.. The apparent scarcity of stars with (H - A) > 3 mag is an effect of incompleteness, 
ass the deepest M R search so far (Chapter 2) has revealed several of these highly obscured stars. 

OHH maser emission was detected from IRAS05329-6709 (Wood et al. 1992) and from 
IRAS04407-70000 (see above). This establishes their status as oxygen rich, since strong OH 
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Figuree 3.4: (A' - [12]) versus (H - K) diagram for the stars of our sample (large symbols) 
andd the other stars from paper II (small symbols). All NIR data is on the SAAO photometric 
system.. We adopt [12] = -2.51og(512 /28.3) : where S12 is the flux density in Jy in the IRAS 
122 urn band (IRAS Explanatory Supplement 1988). Highlighted are OH masers (bold-faced 
symbols)) and stars that are classified as oxygen stars either from the narrow-band photometry 
off paper II or from our optical/NIR spectroscopy (shaded symbols). Also plotted are RSGs in 
thee LMC (solid dots) and SMC (crosses) with 10 fim photometry obtained at CTIO (Elias et al. 
1985).. The dotted line and the solid curve are the galactic carbon- and oxygen-star sequences 
respectively. . 

maserr emission is not expected from carbon stars. The moderate expansion velocity of about 
122 km s"1 of the OH-masing shell around IRAS05329-6709 suggests that it is an AGB star, 
nott a red supergiant (RSG). The narrow-band mid-IR photometry (paper II) for these two 
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Tablee 3.4: Classification of the stars in our N-band photometry sample as oxygen rich (O), 
carbonn rich (C) or unknown (PC). 

O O OC C 
SmallSmall Magellanic Cloud 
00165-7418 8 

00350-7436 6 
01074-7140 0 
LargeLarge Magellanic Cloud 

04286-6937 7 
04374-6831 1 
04407-7000 0 

04498-6842 2 
04539-6821 1 

05112-6755 5 

05190-6748 8 

05329-6709 9 
05348-7024 4 
05360-6648 8 
05506-7053 3 

04557-6753 3 
05003-6712 2 
05009-6616 6 
05099-6740 0 

05112-6739 9 
05117-6654 4 
05128-6455 5 

04496-6958 8 

05203-6638 8 
05291-6700 0 

stars,, as well as for IRAS01074-7140, IRAS04498-6842 and IRAS05112-6755 also lead us to 
classifyy these stars as oxygen rich. A mid-IR spectrum of IRAS05329-6709 (Groenewegen et 
al.. 1995) directly confirms it to be oxygen rich. Convolution of this spectrum with the response 
curvess of the TIMMI narrow-band filters and comparison with a flat spectrum representing 
ann A0 V star yields colours ([9.8] - [11.3]) = 0.33 mag and {[N]  - [9.8]) = -0.22 mag with 
aa crudely estimated accuracy of 0.1 mag. This agrees within the estimated errors with the 
colourss ([9.8] - [11.3]) = 0.41 mag and ([JV] - [9.8]) = -0.02 mag derived from the narrow-band 
photometryy (paper II). 

Thee two stars IRAS04509-6922 and IRAS04516-6902 were shown from the spectra dis
cussedd above to be oxygen rich. Their {H - K) and {K - [12]) colours from Wood et al. 
(1992),, after transformation to the SAAO system (McGregor 1994), place them very nicely on 
thee oxygen-rich sequence in a region where the 10 fim SiO feature is in emission. These stars 
aree thus indeed experiencing mass loss, confirming that their extinction is circumstellar rather 
thann interstellar. 

Thee position of the SMC source IRAS00165-7418 (VV Tuc) at (K - [12]) = 2.76 and {H -
K)K) = 0.24 mag is consistent with its classification as a mass-losing RSG in the SMC (see next 
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section),, rather than as a foreground star. The position of the SMC source IRAS01074-7140 in 
thee (K - [12]) versus (H - K) diagram suggests it may be a post-AGB star (cf. van Loon et al. 
1997).. The blue (H - K) colour may reflect a higher effective temperature than an AGB star 
has,, while there is still a considerable amount of 12 /zm emission from the CSE. Alternatively, it 
mayy still be on the AGB but have interrupted its mass loss recently following a thermal pulse. 
AA similar scenario has been suggested for certain galactic stars by Whitelock et al. (1995). 

Thee (K - [12]) versus (H - K) diagram indicates that IRAS04496-6958 is a very good 
candidatee carbon star. A preliminary analysis of a 3 /mi spectrum that we obtained with the 
IRR spectrometer at the CTIO 4 m telescope in December 1996 indeed confirms the carbon-rich 
naturee of the CSE of IRAS04496-6958. 

Wee take the general agreement between the (K - [12]) versus (H - K) diagram and more 
directt observational diagnostics as a justification for the use of the (K - [12]) versus (H - K) 
diagramm in chemically classifying obscured AGB stars in the MCs. 

3.6.44 Red supergiants 

Thee RSGs in the LMC, detected by IRAS, form a sequence that is slightly shifted to bluer 
(H(H - K) or redder (K - [12]) with respect to the galactic sample of the stars from Guglielmo 
ett al. (1993). The sample of Guglielmo et al. contains mainly AGB stars with few RSGs, 
becausee their stars were selected outside of the galactic plane. Thus mass-losing RSGs appear 
too have different IR colours than mass-losing AGB stars. At a given mass-loss rate, RSGs 
mayy have similar 12 ^m flux densities to AGB stars, but the RSGs may be less obscured 
becausee of a greater inner radius of their CSEs. This would yield similar (K - [12]) colours but 
smallerr (H - K) colours for the RSGs. This may also explain the large IR excess of the RSG 
IRAS05216-6753,, compared to its NIR extinction: (H-K) = 1.58 and (A"-[12]) = 8.24 mag. 
Thee effect is less visible in the IR colours of the RSGs from Elias et al. (1985), because these 
starss have lower mass-loss rates and therefore less 10 /im emission from a CSE. 

Somee stars we have classified as being on the AGB may actually be RSGs, and vice versa. 
Thee candidate AGB star IRAS04498-6842 may be an example of such a misclassification, as it 
wass very luminous at the epoch of the N-band measurement (see below): it has (K - [12]) and 
{H-K){H-K)  colours which perfectly match the corresponding colours of the RSGs in the LMC. 
Thee same is true for IRAS05316-6604 (WOH SG374) at {H~K)=  0.44 and {K - [12]) = 4.26 
mag. . 

Thee datum at {H - K) = 0.61 and (K - [12]) = 2.74 mag is WOH SG061 (SHV0453582 
-690242).. Westerlund et al. (1981) selected this star on the basis of objective-prism spectra 
indicatingg an M-type. This spectral type was confirmed by Hughes & Wood (1990) using low-
dispersionn optical/NIR spectroscopy. In paper II we found it to be an AGB star rather than a 
RSG.. In the (K - [12]) versus (H - K) diagram WOH SG061 follows the sequence for oxygen 
starss on the AGB as observed in the Milky Way. As the red (H - K) colour of WOH SG061 
withh respect to the RSGs in the LMC is not due to a carbon-rich CSE or photosphere, we 
concludee that indeed mass-losing AGB stars in the LMC have redder (H - K) colours than 
mass-losingg RSGs in the LMC. 
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Tfcblee 3.5 Difference of the near and mid-IR magnitudes and colours between the 1994 November and 1993 December measurements for 
thee stars in our sample for which we have N-band measurements at both epochs. A refers to (1994 value)-(1993 value). We also derived an 
estimationn for the typical magnitude difference between minimum and maximum (amplitude, see text). 

IRAS S 
01074-7140 0 
04407-7000 0 
04498-6842 2 
05112-6755 5 
05329-6709 9 

amplitude: : 

K93. K93. 
9.900 0 
8.933  0.01 
7.844  0.01 

13.200 0 
9.800  0.4 

AA' ' 
-0.300  014 

0.244  0.05 
-0.333 1 
-0.900 4 
-0.044  0.4 

1.1 1 

(H-K)(H-K) 93 93 

0.444  0.05 
0.899 1 
0644 1 
1.933 5 
2.244 0 

A(HA(H  - K) 
-0.066  0.05 

0.222  0.02 
-0.111 1 

0.244 2 
-0.044  0.20 

0.4 4 

NN93 93 

5.788 4 
4.766  0.02 
3.677  0.02 
5.566 5 
3911  0.02 

AN AN 
- 0 7 99  0.05 

0.544  0.05 
0.033  0.04 

-0.622  0.06 
-0.211 3 

1.4 4 

(ATT - [12])M 

4.455 1 
4.500  0.03 
4.500  0.03 
7.977 1 
6.222 4 

A(KA(K - [12]) 
0.499  0.15 

-0.300  0.07 
-0.366  0.04 
-0.288 5 
-0.199 4 

1.0 0 

3.77 Luminosities 

3.7.11 Variabilit y 

Thee stars can make excursions through colour-colour diagrams due to their intrinsic variability. 
Forr five stars we obtained N-band photometry in 1993 December (paper II): IRAS01074-7140, 
IRAS04407-7000,, IRAS04498-6842, IRAS05112-6755 and IRAS05329-6709 (all probably 
oxygenn stars). We can now compare these near- and mid-IR magnitudes and colours with those 
measuredd in 1994 November (Table 3.5). The K and (H - K) for 1993 December have been 
estimatedd in the same way as for 1994 November (see above). 

Thee mean difference ("1994-1993") of the N-band magnitudes of the five stars is 2 
mag;; there is no indication for a large systematic difference in the N-band measurements at 
thee two epochs. Assuming a sinusoidal light-curve, the difference between the measurements at 
twoo random epochs is expected to be a fraction l/7r of the peak to peak amplitude. We assume 
thatt the five difference measurements sample the light curve of a typical mass-losing oxygen-
richh AGB star. This seems reasonable, considering the time span of nearly a year between the 
twoo epochs of measurement, and typical periods of variability of the order of one to four years. 
Wee thus find the mean peak to peak amplitude (Table 3.5). 

Thee variability near 10 //m can also be estimated from a comparison between the N-band 
measurementss (from 1994 November) and the IRAS flux densities. The latter do not represent 
thee mean flux densities of the stars, neither are they entirely single-epoch. This is, however, 
nott important when estimating the typical amplitude of variability, since the IRAS epoch is 
certainlyy very different from the N-band epoch. In Table 3.6 we list the magnitude differences 
betweenn the 12 //m magnitudes derived from our N-band measurements and those derived from 
thee IRAS data. The mean absolute value of these differences for the LMC stars is 0.43 mag. 
Hencee the inferred typical amplitude of variability at 12 /im is 1.4 mag, which is in excellent 
agreementt with the value we estimated from the N-band data in Table 3.5. 

Thee K and N-band magnitudes vary considerably, while the (H - K) colours do not vary 
much.. The (K - [12]) colours vary significantly, but not more than do the K or N-band 
magnitudes.. Thus the K and N-band magnitudes vary neither in phase, nor in anti-phase. 
Thee phase difference can be estimated by simple vector calculus on the amplitudes of the K 
andd N-band magnitudes and (K - [12]) colours. In this way we estimate that either of the 
NN or K-band magnitudes follows the other with a phase-lag of about 7r/4, corresponding to a 
time-lagg of 1/8 period. Although based on five measurements only, the (K - [12]) differences 
betweenn the two epochs correlate very well with the mean (H - K) colours: the (K - [12]) 
colourr becomes less variable as the CSE becomes optically thicker (larger (H - K)). 
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Tablee 3.6 J, H, K and L-band magnitudes, and 12 and 25 fim flux densities for the epoch of the N-band measurements, the magnitude 
differencee between the 12 /im flux densities at the N-band epoch and the 12 ;im flux densities from IRAS, and the derived apparent and 
absolutee bolometric magnitudes and luminosities for the stars for which we present N-band photometry. Brackets denote values derived from 
empiricall colour relationships (see Appendix B). 

IRAS S 
00165-7418 8 
00350-7436 6 
01074-7140 0 

04286-6937 7 
04374-6831 1 
04407-7000 0 
04496-6958 8 
04498-6842 2 
04539-6821 1 
04557-6753 3 
05003-6712 2 
05009-6616 6 
05099-6740 0 
05112-6755 5 
05112-6739 9 
05117-6654 4 
05128-6455 5 
05190-6748 8 
05203-6638 8 
05291-6700 0 
05329-6709 9 
05348-7024 4 
05360-6648 8 
05506-7053 3 

J J 
8.30 0 
11.50 0 
11.00 0 

15.30 0 
(18.04) ) 
11.93 3 
12.12 2 
9.18 8 
(18.93) ) 
(16.46) ) 
14.20 0 
15.00 0 
14.49 9 
(17.15) ) 
(19.13) ) 
(15.15) ) 
13.50 0 
(18.84) ) 
14.50 0 
13.10 0 
15.70 0 
(25.10) ) 
19.70 0 
(17.60) ) 

H H 
7.40 0 
10.21 1 
10.10 0 

12.82 2 
14.87 7 
10.26 6 
10.23 3 
8.03 3 
15.50 0 
13.66 6 
12.40 0 
12.80 0 
12.61 1 
14.30 0 
15.70 0 
12.80 0 
11.80 0 
(15.25) ) 
12.10 0 
11.10 0 
11.60 0 
19.30 0 
16.60 0 
14.50 0 

K K 
7.10 0 
9.13 3 
9.70 0 

11.07 7 
12.42 2 
9.17 7 
8.84 4 
7.51 1 
12.70 0 
11.56 6 
10.80 0 
11.10 0 
11.41 1 
12.30 0 
12.90 0 
11.39 9 
10.36 6 
12.40 0 
10.50 0 
10.10 0 
9.40 0 
14.40 0 
13.90 0 
12.20 0 

L L 
6.80 0 
7.79 9 
9.00 0 

9.00 0 
9.59 9 
7.93 3 
731 1 
6.62 2 
9.70 0 
99 10 
9.20 0 
8.70 0 
10.10 0 
8.90 0 
9.80 0 
9.00 0 
8.40 0 
9.00 0 
8.70 0 
8.80 0 
7.30 0 
(8.65) ) 
(10.60) ) 
8.80 0 

S122 (Jy) 

0.52 2 
0.32 2 
0.39 9 

0.15 5 
0.14 4 
0.29 9 
0.37 7 
1.27 7 
0.18 8 
0.41 1 
0.17 7 
0.31 1 

<0.07 7 
0.41 1 
0.31 1 
0.25 5 
0.41 1 
0.44 4 
0.15 5 

<0.06 6 
1.27 7 
0.33 3 
0.12 2 

<0.13 3 

5 2 55 (Jy) 
0.33 3 
0.23 3 
0.42 2 

0.12 2 
0.13 3 
0.24 4 
0.33 3 
1.19 9 
0.21 1 
0.34 4 
0.17 7 
0.26 6 

<0.16 6 
0.33 3 
0.16 6 
(0.25) ) 
0.60 0 
0.30 0 
(0.15) ) 

<0.19 9 
2.73 3 
0.19 9 
0.12 2 

<0.14 4 

([12]A,, - [ 1 2 ] I R A S ) 

0.00 0 
-0.07 7 

0.06 6 

0.39 9 
0.33 3 
1.11 1 
0.00 0 

-0.08 8 
-0.06 6 
-0.48 8 

1.04 4 
-0.19 9 
>l . l l 

-0.01 1 
0.08 8 

-0.57 7 
-1.09 9 
-0.27 7 

0.05 5 
>0.14 4 
-0.44 4 

0.41 1 
0.70 0 

>l.7 7 

"Ibol l 
9.66 6 
11.96 6 
11.83 3 

13.18 8 
13.48 8 
12.07 7 
11.71 1 
10.27 7 
13.25 5 
12.47 7 
13.09 9 
12.59 9 
13.81 1 
12.46 6 
12.91 1 
12.80 0 
12.16 6 
12.44 4 
12.98 8 
13.11 1 
10.90 0 
12.64 4 
13.84 4 
13.24 4 

Mboi i 
-9.12 2 
-6.82 2 
-6.95 5 

-5.29 9 
-4.99 9 
-6.40 0 
-6.76 6 
-8.20 0 
-5.22 2 
-6.00 0 
-5.38 8 
-5.88 8 
-4.66 6 
-6.01 1 
—5.56 6 
-5.67 7 
-6.31 1 
-6.03 3 
-5.49 9 
-5.36 6 
-7.57 7 
-5.83 3 
-4.63 3 
-5.23 3 

log( ( 
5.54 4 
4.62 2 
4.67 7 

4.00 0 
3.88 8 
4.45 5 
4.59 9 
5.17 7 
3.98 8 
4.29 9 
4.04 4 
4.24 4 
3.75 5 
4.29 9 
4.1! ! 
4.16 6 
4.41 1 
4.30 0 
4.08 8 
4.03 3 
4.92 2 
4.22 2 
3.74 4 
3.98 8 

3.7.22 Bolometric luminosities 

Wee have re-determined the bolometric luminosities for two reasons. First, the N-band measure
mentss are generally of higher accuracy than the IRAS 12 /jm flux densities. Secondly, we wish 
too determine the bolometric luminosities for the particular epoch of our N-band measurements. 
Whenn IRAS flux densities and NIR magnitudes of large amplitude variables are obtained at 
differentt epochs their combination may result in an erroneous bolometric luminosity. 

Thee NIR magnitudes have been estimated as described above. The 12 ^m flux densities 
havee been determined from the N-band magnitudes, using (N — [12]) — 0.33 mag. The 25 
jumm flux densities have been derived from these new 12 fim flux densities, assuming the same 
ratioss of 25 to 12 //m flux densities as observed by IRAS (paper II). Values in brackets have 
beenn estimated from the relations between the appropriate (J - H), (K - L), ([12] - [25]) and 
{H{H  - K) colours (see Appendix B), where ([12] - [25]) = -2.5 [log(Si2/S25) + log(6.73/28.3)] 
(IRASS Explanatory Supplement 1988). 

Bolometricc luminosities were obtained by integrating under a spline-curve as described in 
paperr II (with photometric zero-points from Glass & Feast 1973). We adopted distance moduli 
off (m - M)0 = 18.47 mag for the LMC and (m - M)0 = 18.78 mag for the SMC (Feast 
andd Walker 1987). Both lower and higher values for the distance moduli have appeared in 
thee recent literature (e.g. Crotts et al. 1995; Gallagher et al. 1996; Sonneborn et al. 1997; 
Feastt 1997; Caputo 1997; van Leeuwen et al. 1997; Feast & Catchpole 1997), and from this 
wee estimate the distance modulus to be known to about 5 mag. The accuracies of the 
individuall bolometric luminosities are estimated to be typically 0.1 mag, plus the systematic 
errorr in the assumed distance moduli. The contribution to the uncertainty in the bolometric 
luminosityy from the sometimes poorly known 25 /im flux density is less than 0.1 mag. The 
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bolometricc luminosity is also expressed in terms of solar luminosity, where we adopt for the 
solarr absolute bolometric magnitude Mboi,o = 4.72 mag (e.g. Sterken k Manfroid 1992). The 
resultss are enumerated in Table 3.6. 

3.7.33 Luminosit y functions 

Wee combined the mass-losing AGB stars from the present sample with the remaining AGB stars 
fromm paper II & Chapter 2. IRAS05283-6723 (TRM045) was omitted because of its uncertain 
identification.. For IRAS05003—6712 we took the data quoted here, not that from Chapter 2, 
becausee now we have simultaneous near- and mid-IR photometry. The chemical types of the 
remainingg sources from paper II are estimated from the (K - [12]) and (H — K) colours, or 
fromm additional data mentioned in paper II. All of the remaining paper II sources are found 
too be oxygen rich, except for IRAS00554—7351 which is a confirmed carbon star (Wood et al. 
1992),, and IRAS05295-7121 which could be either oxygen- or carbon-rich. 

Thee cumulative distribution function of the different types of IRAS detected AGB stars in 
thee LMC over absolute bolometric magnitude is presented in Fig. 3.5a. We apply Gaussian 
broadeningg by replacing each star with absolute bolometric magnitude Mbol?* by 

nn = nnorm x exp{-(Mboi - Mbolj*)2} (3.4) 

wheree nnorm = 0.564 mag to normalise to unity per star. The FWHM of the star has thereby 
becomee 0.83 mag. This is justified by both the variability of the sources and the small number 
off sources in our sample, and is necessary for deriving the distribution function over absolute 
bolometricc magnitude (Fig. 3.5b). 

Fromm the distribution functions, we derived the dependence of the ratio of carbon to oxygen 
stars,, on the absolute bolometric magnitude (Fig. 3.5c). Two extreme cases are plotted (dotted): 
thee carbon-favoured case, in which all stars classified as "oxygen or carbon" stars turn out to 
bee carbon rich, and the oxygen-favoured case, in which they are all oxygen rich. We may expect 
thatt the category of OC stars is composed of a mixture of both carbon and oxygen stars. We 
thereforee also plot the trend that follows from assuming that half of the OC stars are oxygen 
starss and the other half carbon stars (solid), as well as the trend that follows from the probable 
oxygenn and carbon stars only (bold solid). 

3.88 Discussion 

3.8.11 Completeness and selection effects 

Reidd et al. (1990) used V and I-band imaging to search for stellar counterparts of IRAS sources 
inn the LMC. Many of these stars, however, are undetectable at wavelengths below ~ lfim. We 
searchedd for IRAS sources at NIR wavelengths, and found ~ 20 mass-losing AGB stars more 
luminouss than Mboi ~ - 6 mag. Are there more? 

Inn Fig. 3.6 we plot the distribution functions over apparent K-band magnitude, of stars that 
havee been detected by IRAS and that subsequent searches have revealed to be AGB stars or 
RSGss in the LMC. Wre applied Gaussian broadening as before. Stars found in I-band searches 
aree generally optically thin in the K-band, and the K-band magnitude directly reflects the 
bolometricc magnitude (e.g. Wood et al. 1992). But many IRAS detected stars are optically 
thickk in the K-band, and can become as faint as K > 15 mag for A/boi ~ —5 mag. Even RSGs 
aree found at K > 10 mag. 
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bol l 

Figuree 3.5: (a) Cumulative distribution function of the full sample of IRAS detected AGB stars 
inn the LMC over absolute bolometric magnitude: "oxygen" stars (dotted), "oxygen or carbon" 
starss (dashed), "carbon" stars (solid), and their sum (bold solid), (b) Applying Gaussian 
broadeningg (see text), we derive the distribution functions N. (c) From this we derive the 
distributionn function of the ratio of carbon to oxygen stars for the two extreme cases of carbon 
starr favoured (all OC stars are C stars) and oxygen star favoured (all OC stars are O stars), 
indicatedd by the dotted line. We also plot the ratio derived without assuming anything about 
thee OC stars (bold solid), and assuming half of the OC stars are C stars (thin solid). 
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== AGB+RSG 

Figuree 3.6: Distribution functions N% over apparent K magnitude, of IRAS detected LMC stars 
thatt have been identified with AGB stars and RSGs (see text): all known at present (bold solid), 
alll AGB stars known at present (thin solid), TIMMI sample of AGB stars presented in this 
workk (short dashed), new AGB stars presented in paper Chapter 2 (long dashed), remainder of 
presentlyy known AGB stars (dot-dashed; see paper II) and all RSGs known at present (dotted). 

Frogell & Richer (1983) searched for obscured stars down to a completeness limit of K = 11 
mag,, and according to Fig. 3.6 they would have missed a significant fraction of the obscured 
AGBB stars. Frogel et al. (1990) searched for AGB stars in MC clusters down to a limiting 
magnitudee varying between K = 12 and 13. Wood et al. (1992) searched for IRAS counterparts 
downn to a limiting magnitude of K = 12.5. Neither of them are complete for obscured AGB 
stars.. Most of the newly found obscured AGB stars in Chapter 2 have K > 12.5 mag, and 
wee cannot exclude the possible existence of IRAS detected AGB stars in the LMC at K > 17 
mag.. It is unlikely that these stars have Mbol < - 6 mag. There are still some 200 IRAS point 
sources,, however, which are candidate mass-losing AGB stars in the LMC (paper I) but which 
havee not been adequately imaged at NIR wavelengths. These may include stars with Mbo) < - 6 
mag.. Hence the apparent lack of luminous mass-losing AGB stars in the LMC may well be a 
resultt of incompleteness. 

Selectionn effects could have been introduced by the detection limits in the IRAS 12 and 25 
/jmm bands, and by the detection limits of the ground-based instruments that were used to search 
forr counterparts — mainly at NIR wavelengths. These effects are difficult to quantify since the 
IRR properties of obscured carbon and oxygen stars are not yet known as a function of their 
bolometricc luminosities. The completeness of our sample of obscured AGB stars is essentially 
limitedd by the IRAS sensitivity at 25 fim (paper II), i.e. it is probably not affected much by 
thee contribution of the 10 fim SiO feature in oxygen-rich CSEs to the IRAS 12 /an flux-density. 
Thee emissivities of carbon- and oxygen-rich dust differ in such a way that a carbon star, with 
thee same luminosity and mass-loss rate as an oxygen-rich star, will be brighter at 25 /im and 
fainterr in the NIR than its oxygen-rich counterpart. Thus IRAS may have detected carbon-rich 
starss to slightly lower luminosities than oxygen-rich ones, at 25 pm. However, the same effect 
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willl render our NIR searches slightly less sensitive to carbon stars than to oxygen stars. At 
presentt it is not clear what the resulting selection effect is. We feel that selection effects may 
becomee important at Mboi > - 5 mag. 

3.8.22 Mid-I R variabilit y 

Thee amplitude of the N-band variations is surprisingly large: 1.4 mag (peak-to-peak). Harvey 
ett al. (1974) found a mean 10 /im amplitude of 0.88 3 mag for a sample of galactic OH/IR 
starss and Le Bertre (1993) found a mean N-band amplitude of 1.01  0.13 mag for a sample of 
galacticc mass-losing oxygen-stars. Le Bertre (1992) found a smaller mean N-band amplitude of 
0.611  0.10 mag for a similar sample of carbon stars. 

Harveyy et al. (1974) found a mean K-band amplitude of 1.13  0.16 mag for the galactic 
OH/IRR stars that they monitored at 10 fxm. Le Bertre (1992, 1993) found a mean K-band 
amplitudee of 1.08  0.14 mag for the galactic mass-losing oxygen stars and a similar mean 
K-bandd amplitude of 1.13  0.16 mag for galactic mass-losing carbon-stars, that he monitored 
inn the N-band. This is comparable to the stars for which we had two N-band measurements 
andd that have a K-band amplitude of 1.1 mag. 

Lee Bertre (1988, 1992, 1993) concludes that the mid-IR variability is due to changes of the 
bolometricc luminosity. The 10 //m amplitude of oxygen stars has an additional component due 
too variations of the SiO dust feature. The LMC stars with two N-band measurements have the 
100 /lm SiO feature in emission, whereas galactic OH/IR stars show it in (self-)absorption. As 
ann emission feature is more sensitive to changes in optical depth and luminosity than a (self-
)absorbedd feature, this may explain the large N-band amplitude of the oxygen-rich mass-losing 
LMCC stars compared to their galactic counterparts — especially the galactic OH/IR stars. 

Ourr data suggests a phase lag of ~ 0.13 pulsation period between the K and N-band light-
curves.. This seems to be at odds with the findings for the galactic obscured LPVs that the IR 
light-curvess between ~ 1 and 12 ^m are all in phase with each other (e.g. Nyman & Olofsson 
1986;; Jewell et al. 1991), lagging the optical light-curve by between ~ 0.1 and 0.2 times the 
period.. The discrepancy may be explained by the fact that the stars we investigated do not 
havee extremely optically-thick CSEs. The observed phase-lag between the K and N-band light 
curvess may reflect a correlation between the emission strength of the 10 //m SiO feature, and the 
opticall radiation field. We find a clear indication that the variability of (/f-[12]) decreases with 
increasingg (K - [12]) colour, i.e. with increasing optical depth of the CSE. Hence the phase lag 
betweenn the K and N-band light-curves may disappear in the most extremely obscured sources, 
wheree the 10 fim feature turns into (self-)absorption. 

3.8.33 Frequency of carbon stars 

Forr the sample of IRAS detected AGB stars in the LMC the ratio of the number of carbon 
starss to oxygen stars is in the range 0.21 to 0.83 depending on the number of carbon stars 
amongg the OC stars. If the lower value is correct, the ratio depends only weakly on luminosity, 
whereass the higher value would imply a ratio that steeply decreases with increasing luminosity. 
Thee probability that an obscured AGB star is a carbon star most likely decreases from ~ 40% 
att Mboi = - 5 mag (log(Z,/L0) = 3.9), to ~ 20% at Mbol = - 7 mag (log(L/L0) = 4.7). At 
thee lower luminosity end (log(L/L0) = 3.9) the fraction of carbon stars is constrained to be 
betweenn ~ 22 and 57%. At the other extreme, carbon stars are not completely absent amongst 
thee most luminous AGB stars. 
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Howw does this result compare with the luminosity distributions of optically visible AGB stars 
inn the LMC? Groenewegen & de Jong (1993) used a synthetic evolution model to reproduce 
thee observed optically visible carbon star luminosity function (Cohen et al. 1981; Richer et al. 
1979;; see also Costa &c Frogel 1996) as well as the number ratio between carbon and oxygen 
starss (Blanco k McCarthy 1983). They find a mean ratio of the number of carbon stars to 
thee number of oxygen stars of 0.85, in good agreement with the observed range of 0.6 to 2.2 
forr the optically visible AGB stars. Amongst the sample of obscured AGB stars in the LMC 
carbonn stars are less common than they are amongst optically visible AGB stars. The number 
off optically visible AGB stars steeply declines between Mboi = - 5 and - 6 mag. The obscured 
AGBB star distribution peaks near Mboi = -5.8 mag, and has a gradual high-luminosity drop
off.. Thus the fraction of obscured stars amongst the AGB stars increases with bolometric 
luminosity.. This is to be expected when optically visible AGB stars still evolve along the AGB, 
therebyy significantly increasing in luminosity before becoming dust-enshrouded. 

3.8.44 The most luminous AGB stars 

Thee Chandrasekhar limit to the stellar core mass of 1.4M© corresponds, via the core mass-
luminosityy relation, to an AGB luminosity limit of Mboi ~ - 7 mag (Paczyriski 1971). However, 
inn recent years it has been suggested that for some intermediate-mass stars the core mass-
luminosityy relation may not be valid near the tip of the AGB, if AGB stars become more 
luminouss as a result of HBB (e.g. Blocker & Schönberner 1991; Blocker 1995; Marigo et al. 
1996).. On the other hand, Reid et al. (1990) argue that, as a result of intense mass loss on the 
upperr AGB, stars may not actually become much more luminous than Mboi ~ - 6 mag. 

Wee discovered that with A/bol 6.8 mag, the LMC star IRAS04496-6958 is the most 
luminouss carbon star known in the MCs. Other luminous mass-losing carbon stars in the MCs 
aree IRAS06028-6722 (LI-LMC1817) with Mboi 6.1 mag in the LMC (Chapter 2), and 
IRAS00554-73511 with Mbol ~ -6.0 mag in the SMC (Whitelock et al. 1989; Wood et al. 1992). 
IRAS00350-74366 in the SMC may also be a carbon star: Whitelock et al. (1989) found that it 
hass a K-type spectrum with weak C2 absorption bands, and they explain this object as being 
eitherr a carbon-rich post-AGB object in the transition to the planetary nebula phase, or an 
interactingg binary. We estimate Afboi ~ -6.8 mag, i.e. equally luminous as IRAS04496—6958. 
Confirmationn that IRAS00350-7436 has become carbon enriched due to dredge-up is crucial. 

Thee two brightest LMC stars in our TIMMI sample are IRAS04498-6842 and IRAS05329 
-6709,, both probable oxygen stars. In 1994 November they were very luminous: Mboi ~ -8.2 
andd -7.6 mag, respectively. For IRAS05329-6709 this may be due to variability: compare 
thee NIR brightness in 1994 November to its light curve (Wood et al. 1992). The NIR variabil
ityy of IRAS04498-6842 suggests it is a Mira variable, while its rather blue (H - K) colour 
iss more characteristic of a RSG. With Mboi ~ -7.2 and -6.7 mag, IRAS04509-6922 and 
IRAS04516-69022 are amongst the most luminous AGB stars, and our optical/NIR spectra 
havee shown them to be oxygen rich. IRAS05316-6604 (WOH SG374) was listed in paper II as 
ann AGB star candidate with Mho] ~ -7.2 mag, but its near/mid-IR colours suggest it may be 
aa RSG. 

IRAS00165-74188 (VV Tuc) is probably a RSG, judging from its high bolometric luminosity 
(A4oii ~ -9.1 mag) and its location in the (K - [12]) versus (H - K) diagram. The oxygen-rich 
naturee of IRAS01074-7140 (A/boi ~ -7.0 mag) is in agreement with its spectral type of M5e 
(Whitelockk et al. 1989). 
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3.8.55 Hot Bottom Burnin g 

Itt has been proposed that in AGB stars with massive mantles the convective layer may reach 
thee nuclear burning shells. This so-called Hot Bottom Burning (HBB; e.g. Boothroyd et al. 
1995,, and references therein) could prevent stars with progenitor masses ~ 6 to 7 M0 and solar 
metallicityy from becoming carbon stars, and may increase their bolometric luminosities by an 
unknownn factor. For half solar metallicity — which is typical for the LMC (Russell k Bessell 
1989;; Russell & Dopita 1990) — this may occur in AGB stars with a progenitor mass as low 
ass ~ 5 M0. 

Reidd et al. (1988, 1995) did not find any carbon star brighter than Mbd = - 6 mag amongst 
theirr LMC LPVs. However, we find IRAS04496-6958 to be a very luminous, Mbol = -6.8 mag, 
carbonn star. At this luminosity AGB stars are expected to be oxygen rich due to the effects 
off HBB. On the other hand, we also find oxygen-rich AGB stars with luminosities as faint as 
M>oii ~ —5 mag, where mass-losing AGB stars are expected to be carbon rich. 

Intensee mass loss decreases the mass contained in the stellar mantle, and HBB may switch 
off.. Hence very luminous AGB stars may become carbon-rich again, just before they leave the 
AGB.. The possibly very luminous carbon-rich post-AGB object IRAS00350-7436 (see above) 
mayy be an example of this scenario. 

3.99 Conclusions 

Wee have studied the chemical composition of the photospheres and circumstellar envelopes of 
thee presently known sample of obscured (i.e. IRAS detected) AGB stars in the LMC. Because 
off their high mass-loss rates these stars are expected to be representative of AGB stars upon 
terminationn of their evolution along the AGB. Thus they are different from optically visible 
AGBB stars, which may still evolve in luminosity and photospheric chemical composition before 
leavingg the AGB. The bolometric luminosity should therefore be a much better measure of the 
main-sequencee mass for an obscured AGB star, than it is for an optically visible AGB star. 

Ourr search for new OH maser emitters in the LMC resulted in one new detection, from 
IRAS04407—7000.. For two stars with moderately thick CSEs spectra around 800 nm were 
obtained.. For the remainder of the sample we used the (K — [12]) versus (H — K) diagram to 
establishh the probable chemical composition of their CSEs. The diagram may also distinguish 
betweenn RSGs and AGB stars: RSGs have optically thinner CSEs (bluer (H - K) colours) 
thann do AGB stars, at the same 12 ^m excess with respect to the K-band magnitude. This is 
becausee RSGs are bigger than AGB stars, and so are the inner radii of their respective CSEs. 

Thee ratio of the number of carbon stars to the number of oxygen stars is found to decrease 
withh increasing luminosity. Carbon stars are very rare at luminosities exceeding Mho\ ~ - 6 mag, 
butt not absent. The most luminous carbon star in the MCs is found to be IRAS04496-6958, 
withh Mho\ = -6.8 mag. Yet there are still many mass-losing stars at luminosities about 
•Mboii ~ —5 mag that are oxygen rich. It is puzzling to find carbon stars and oxygen stars 
att the same luminosity at the tip of the thermally pulsing AGB. Possibly the sample of mass-
losingg AGB stars represents a range of metallicities (cf. Olszewski et al. 1996), in which case 
thee luminous carbon stars would be metal rich and therefore not experience HBB, whereas the 
lesss luminous oxygen stars would be metal poor and therefore already experience HBB at low 
luminosities. . 
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Luminouss carbon stars in the 
Magellanicc Clouds 

JaccoJacco Th. van Loon, Albert A. Zijlstra, M.A.T. Groenewegen, 1999, A&A in press 

Wee present ground-based 3 fim spectra of obscured Asymptotic Giant Branch (AGB) stars 
inn the Magellanic Clouds (MCs). We identify the carbon stars on the basis of the 3.1 /im 
absorptionn by HCN and C2H2 molecules. 

Wee show evidence for the existence of carbon stars up to the highest AGB luminosities 
(Afboll = - 7 m a S ' f o r a distance modulus to the LMC of 18.7 mag). This proves that Hot 
Bottomm Burning (HBB) cannot, in itself, prevent massive AGB stars from becoming carbon 
starr before leaving the AGB. It also sets an upper limit to the distance modulus of the Large 
Magellanicc Cloud of 18.8 mag. 

Thee equivalent width of the absorption band decreases with redder (K - L) colour when the 
dustt continuum emission becomes stronger than the photospheric emission. Carbon stars with 
similarr (K - L) appear to have equally strong 3 /im absorption in the MCs and the Milky Way. 
Wee discuss the implications for the carbon and nitrogen enrichment of the stellar photosphere 
off carbon stars. 

4.11 Introduction 

Ass intermediate-mass stars ascend the Asymptotic Giant Branch (AGB), the combination of 
aa convective mantle with the occurrence of thermal pulses in the interior of the star causes 
nuclearr burning products to be transported to the photosphere of the star (3 rd dredge-up). It 
mayy enhance the carbon over oxygen ratio in the photosphere. When this ratio exceeds unity, 
aa carbon star is born. 

TwoTwo decades ago it was realised that in the Large Magellanic Cloud (LMC), where reliable 
luminositiess for individual stars could be obtained, no carbon stars were known more luminous 
thann Mboi ~ - 6 mag, whereas the AGB extends up to Mbo, ~ - 7 mag (e.g. Iben 1981). This 
wass surprising, as the lower metallicity in the LMC was thought to increase the efficiency of 3 r d 

dredge-up.. Recent studies confirm the lack of optically bright carbon stars in the LMC (Costa 
kk Frogel 1996). Three solutions were suggested: (1) high mass-loss rates yield a cut-off to the 
AGBB evolution at Mbo, ~ - 6 mag, (2) nuclear burning at the bottom of the convective mantle 
off massive AGB stars (Hot Bottom Burning, or HBB) prevents the dredge-up of carbon (Iben 
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&& Renzini 1983; Wood et al. 1983), or (3) luminous carbon stars have become obscured by 
theirr dusty circumstellar envelope (CSE). The first solution is ruled out by the detection in the 
LMCC of Li-rich stars with luminosities between Mbol = - 6 and -7.2 mag (Smith et al. 1995) 
andd AGB star luminosities in clusters in the LMC (Aaronson & Mould 1985; Westerlund et al. 
1991).. HBB has been commonly accepted as the solution (Boothroyd et al. 1993). 

Wee have investigated the possibility that massive carbon stars are dust-enshrouded, by 
searchingg for obscured AGB counterparts of IRAS point sources in the LMC and SMC, (Loup 
ett al. 1997; Zijlstra et al. 1996: papers I & II; van Loon et al. 1997, 1998a: Chapters 2 & 3). 
Chemicall types could only be identified for a few stars. Hence the luminosity distributions of 
obscuredd oxygen-rich and carbon stars in the LMC are not well denned. One very luminous 
carbonn star candidate was found in the LMC, the obscured AGB star IRAS04496-6958 (Chap
terr 3). Remarkably, Trams et al. (1999b,a: Chapters 7 & 8) recently presented ISO spectra 
showingg that the CSE of this object also contains an oxygen-rich dust component. 

Inn this paper, we present ground-based L-band (3 /im) spectra of obscured AGB stars in the 
Magellanicc Clouds. We had the opportunity to do these observations as a result of an exchange 
off observing time between the European Southern Observatory (ESO) and the Cerro Tololo 
Inter-americann Observatories (CTIO). Absorption between 3.0 and 3.3 /im is due to HCN and 
C2H22 molecules in the extended atmospheres of carbon stars, whilst oxygen-rich, M-type, stars 
displayy a featureless continuum at this wavelength (Merrill &  Stein, 1976a,b,c; Noguchi et al. 
1977;; Ridgway et al. 1978). We show the spectrum of IRAS04496-6958, confirming its carbon 
starr nature. We also use the 3 yum spectra of other luminous obscured AGB stars in the LMC 
andd SMC to classify them as carbon or M star. These are the first 3 /im spectra of extra-galactic 
starss to be presented in the literature. 

4.22 Observations 

Wee used the Infra-Red Spectrometer (IRS) at the 4 m Blanco telescope at CTIO, Chile, in 
Decemberr 1996 and January 1998 to take L-band spectra of a sample of obscured AGB stars in 
thee LMC (Table 4.1). We also included a red supergiant (RSG) in the LMC (IRAS04553-6825) 
andd two obscured AGB stars in the SMC (IRAS00393-7326 and IRAS00554-7351). 

Thee IRS uses a 256 x 256 InSb array, and is operated at the f/30 focus. The slit length is 
16"" at a spatial scale of 0.32" pix -1 . We used the 75 lines mm"1 grating in 1st order, covering 
0.333 /im (the grating is blazed at 4.65 /im). We observed with the grating centred at 3.04 and 
3.344 fim to cover the spectral region between 2.87 and 3.50 /im (IRAS00393-7326 was observed 
withh the grating centred at 3.04 /jm only). The slit aperture was 0.35 mm (0.7" on the sky), 
yieldingg a resolving power of R ~ 1300. 

Wee performed sequences with the star alternatingly placed at either of two positions on the 
slitt separated by 6" to facilitate background subtraction. The frames that were saved on disc 
consistedd of 10 coadded frames of 2 s integration time each at 3.04 /im, and 20 coadded frames 
off 1 s at 3.34 /im. In December 1996 we used integration times of 3 and 1.5 s, respectively. 
Totall on-source integration times were typically eight minutes, but observing times amount to 
att least five times as much. The stars of our sample represent the faintest stars of which the 
continuumm can be detected by the IRS {8th mag in L-band), and that can be acquired through 
aa K' filter (limiting magnitude K' ~ 12 mag). The standard stars HR77 « Tuc) for the SMC 
andd HR2015 (S Dor) for the LMC were observed regularly, with the star placed at five positions 
onn the slit, separated by 3". Weather conditions were non-photometric, with thin cirrus passing 
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Tablee 4.1: Observing log of 3 /jm spectroscopy of obscured AGB stars in the Magellanic 
Clouds.. We list IRAS and LI (Schwering k Israel 1990) designations, and alternative names. 
IRAS00393-73266 is a Faint Source Catalogue entry, IRAS05203-6638 is from Reid (1991). 
Juliann Dates are RJD = JD - 2,450,000. _ _ = , 

IRAS S 
00393--
00554--
04496--
04498--
04509--
04553--
05003--
05009--
05112--
05128--
05203--
05291--
05298--
05300--
05329--
06028--

-7326 6 
-7351 1 
-6958 8 
-6842 2 
-6922 2 
-6825 5 
-6712 2 
-6616 6 
-6755 5 
-6455 5 
-6638 8 
-6700 0 
-6957 7 
-6651 1 
-6708 8 
-6722 2 

LI I 

SMC0119 9 
LMC0057 7 
LMC0060 0 
LMC0077 7 
LMC0181 1 
LMC0297 7 
LMC0310 0 
LMC0570 0 
LMC1880 0 

LMC1137 7 
LMC1164 4 
LMC1177 7 
LMC1286 6 
LMC1817 7 

other r 

WOHH G64 

TRM4 4 

TRM88 8 

TRMM 79 
TRMM 60 

RJD D 
821 1 
821 1 
441 1 
820 0 
441 1 
820 0 
821 1 
821 1 
441 1 
821 1 
820 0 
820 0 
441 1 
441 1 
821 1 
820 0 

overr on the December and January 6/7 nights. Seeing was typically 1", 0.7 to 1", and 1 to 1.5". 
Atmosphericc stability was least on January 7/8. 

AA measurement of the dark current was subtracted from all frames. A measurement of the 
insidee of the telescope dome was used to correct for pixel-to-pixel variations in the detector 
responsivity.. Background subtraction was performed by subtracting frames with the star at 
differentt positions on the slit. Programme star spectra were divided by standard star spectra 
too correct for the severe absorption by telluric OH lines. The spectra were flux-calibrated by 
assumingg L-band magnitudes of 2.797 and 3.664 mag, and effective temperatures of 7000 and 
80000 K for HR0077 and HR2015, respectively. To give an idea of the importance of telluric 
absorptionn in the L-band, we show the composite spectrum of HR2015 in Fig. 4.1. We overplot 
aa blackbody of 8000 K for comparison. The spectra do not match perfectly around 3.18 /mi, 
becausee the instrument is more sensitive at the short- than at the long-wavelength end. Near 
3.100 /tm telluric absorption often reduces the measured intensity of programme stars to very 
loww levels, introducing relatively large uncertainties. Wavelength calibration was performed by 
aa linear fit to the positions of the many telluric lines. 

Wee rejected pixels with flux densities more than 3-cr off the median within a running bin 
off 22 pixels width. The spectra were rebinned to 0.02 /mi steps reducing the effective spectral 
resolvingg power to R ~ 100. We assigned error bars that we derived from the spread of pixel 
valuess within the 0.02 /xm bins. The long-wavelength part of the spectrum of IRAS05298-6957 
iss of low quality because we could not guide anymore in the morning twilight. The 3 /mi spectra 
aree shown in Fig. 4.2. 
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Figuree 4.1: Composite spectrum of the standard star HR2015, with an 8000 K blackbody for 
comparison.. Telluric absorption is very important, leaving only half of the flux to reach the 
detector.. The instrument response function is higher at the short-wavelength end than at the 
long-wavelengthh end, which is why the two spectral settings do not match perfectly around 
3.188 jj,m. 

4.33 Results 

4.3.11 Classification into carbon and M stars 

Bothh SMC stars in our sample have IR colours indicative of carbon-rich dust (Groenewegen & 
Blommaertt 1998). The drop in flux density in the spectrum of IRAS00393-7326 going from 
2.944 urn to beyond 3.0 fjm suggests indeed absorption by HCX and C2H2. The overall shape 
off the spectrum of IRAS00554-7351 suggests moderate absorption on a red continuum. An 
unpublishedd 3 /an spectrum of this star taken by Whitelock also confirms its carbon-rich nature 
(ass cited by Wood et al. 1992). 

IRAS04509-69222 and IRAS04553-6825 are known to have oxygen-rich photospheres from 
theirr optical spectral types: M10 (Chapter 3) and M7.5 (Elias et al. 1986), respectively. Maser 
emissionn from oxygen-rich molecules has been observed from IRAS04553-6825 (Wood et al. 
1986;; van Loon et al. 1996, 1998b: Chapters 5 & 6), IRAS05298-6957 (Wood et al. 1992) 
andd IRAS05329-6708 (Wood et al. 1992), indicating oxygen-rich CSEs. Their 3 fim spectra 
showw a featureless continuum. IRAS04498-6842 and IRAS05003-6712 also have a featureless 
33 ^m spectrum and hence are M stars, in agreement with their IR colours (Chapter 3). The 
curvaturee of the spectrum of IRAS04553-6825 hints at absorption by the wings of H 2 0 vapour 
(band-headd at 2.7 /xm). 
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Figuree 4.2: 3 /zm Spectra of obscured Asymptotic Giant Branch stars in the Magellanic Clouds 
(pluss LMC red supergiant IRAS04553-6825). Absorption between 3.0 and 3.2 /um is due to 
HCNN and C2H2 molecules in the extended atmospheres of carbon stars (e.g. IRAS04496-6958). 
Oxygen-richh (M-type) stars display a featureless continuum (e.g. IRAS04509-6922). 

Thee other LMC stars are carbon stars. IRAS04496-6958 is the showcase of a carbon 
starr spectrum in our sample. IRAS05203-6638 and IRAS05291-6700 also have carbon-rich 
CSEss according to their IR colours (Chapter 3), and they display very strong 3 /im absorption 
indeed.. IR colours are not conclusive for IRAS05009-6616 (Chapter 3), IRAS05300-6651, 
andd IRAS06028-6722 (Chapter 2), but our 3 ^m spectra suggest they are carbon stars. 
IRAS05128-64555 cannot be classified easily. Its IR colours are inconclusive (Chapter 3). The 
qualityy of its 3 u.m spectrum is low, but the lack of flux between 3.15 and 3.20 /mi, where 
telluricc extinction is relatively weak (see Fig. 4.1), suggests absorption when compared to the 
continuumm level around 3.35 fim. IRAS05112-6755 is undoubtedly a carbon star, as seen from 
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Figuree 4.2: (continued). 

thee 3 ^m spectrum. This overrules our previous and somewhat ambiguous classification as 
oxygen-richh (paper II & Chapter 3), explains our non-detection of OH maser emission (Chap
terr 3), and is in much better agreement with the highly evolved state of this AGB star (Wood 
1998). . 

4.3.22 Strength of 3 //m absorption 

Wee have determined the equivalent width W of the 3 /im feature. The continuum can be 
estimatedd near 2.9 and 3.3 /im, which is also the major source of uncertainty. Errors (2-cr) were 
estimatedd by measuring W for the highest and lowest continuum levels that are still compatible 
withh the data. The results are listed in Table 4.2, together with the (K - L) colours. The SMC 
photometryy is from Groenewegen & Blommaert (1998). 



LuminousLuminous carbon stars in the Magellanic Clouds 63 3 

Tablee 4.2: Equivalent widths of 
thee bolometric magnitudes, (K 

thee 3 ^m absorption, with 
-- L) colours, and chemical 

2-<77 error estimates 
types. . 

Alsoo listed are 

IRAS S 

:t t 

0 .2 2 

0 . 1 5 5 

EE 0.1 
n n 
"" 0.05 

0 0 

Mboll (K-L) m 3fim 3fim chemistry y 

00393-7326 6 
00554-7351 1 
04496-6958 8 
04498-6842 2 
04509-6922 2 
04553-6825 5 
05003-6712 2 
05009-6616 6 
05112-6755 5 
05128-6455 5 
05203-6638 8 
05291-6700 0 
05298-6957 7 
05300-6651 1 
05329-6708 8 
06028-6722 2 

-5.9 9 
-6.4 4 
-7.0 0 
-8.4 4 
-7.4 4 
-9.5 5 
-5.6 6 
-6.1 1 
-6.2 2 
-6.5 5 
-5.7 7 
-5.6 6 
-7.8 8 
-5.1 1 
-7.0 0 
-6.4 4 

2.49 9 
2.55 5 
1.53 3 
0.89 9 
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Figuree 4.3: Equivalent width of the 3 /im molecular absorption feature versus the {K - L) 
colourr for the carbon stars and M-type stars in our sample, and the galactic carbon star sample 
fromm Groenewegen et al. (1994). Errorbars are . Carbon stars have absorption, M-type 
starss do not. The absorption in carbon stars decreases with redder (K - L) due to the increase 
inn circumstellar emission. 

Wee plot the JT3/jm versus the (K - L) colours (Fig. 4.3). The scatter of the M-type stars 
aroundd Wzum = ° M™ g i y e s a S°°d impression of the accuracy of the estimates of W3^m- All 
carbonn stars are well separated from the oxygen-rich M-type stars. Despite the larger than 
typicall error on W3fim for IRAS05128-6455, it is evident that it is a carbon star. We also 
plott equivalent widths that we measured for the galactic carbon stars from Groenewegen et al. 
(1994). . 
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Figuree 4.4: Histogram of the luminosity distribution of carbon stars and M stars. Carbon 
starss populate the AGB up to the highest luminosities. Luminous M stars are probably red 
supergiants. . 

Inn the LMC. the (K - L) colours of the carbon stars are redder than those of the M-
typee stars. As we could only take spectra of stars that were sufficiently bright in the L-band, 
bolometricallyy faint stars only entered our sample if they had red (K - L) colours. The carbon 
starss in our sample are, on average, somewhat less luminous than the M stars. As the inner 
radiuss of the CSE scales with luminosity, at a given mass-loss rate, the CSEs of the carbon 
starss are optically thicker than the CSEs of the M stars. 

Thee three bluest carbon stars show the strongest absorption feature. The absorption is 
formedd predominantly within the dust-free inner region of the CSE. The redder carbon stars 
havee stronger dust continuum emission, decreasing the contrast between the absorption feature 
andd the continuum (Ridgway et al. 1983). The dust continuum emission becomes important for 
sourcess with dust optical depths corresponding to (K - L )^2 mag. This trend is prominent in 
ourr data of Magellanic Cloud stars, and matches well with the Milky Way stars of Groenewegen 
ett al. 1994 (see also Noguchi et al. 1981, 1991). 

Thee 3 (an absorption in the SMC source IRAS00554-7351 is relatively weak. Note that 
thee galactic carbon star IRAS21377+5042 has (A" - L) ~ 2.6 mag and W3ltm ~ 0.01 pin, 
whichh would make it indistinguishable from M-type stars with the typical signal-to-noise in our 
data.. However, it has very blue IR colours and no molecular emission could be detected at mm 
wavelengthss (Groenewegen et al. 1994). which makes it a highly peculiar object. It is unlikely 
too encounter such a star in our sample of stars. 

4.3.33 Luminous carbon stars 

Inn Table 4.2 we also list the bolometric magnitudes. We determined bolometric magnitudes for 
thee SMC stars in the same way as for the LMC stars (paper II. Chapters 2 & 3) by spline fitting 
too the spectro-photometric energy distribution (see Whitelock et al. 1994). The accuracy of 
thiss method is ~ 0.1 mag. The near-IR photometry are single-epoch data, and time-averaged 
luminositiess may differ from the values presented here. Bolometric amplitudes of galactic 
carbonn stars are ~ 0.6 mag (Le Bertre 1992) and probably similar to those of galactic OH/IR 
starss (Le Bertre 1993), hence we expect single-epoch luminosities to be within 0.3 mag of the 
time-averagedd luminosity. We adopt distance moduli of 18.7 and 19.1 mag for the LMC and 
SMCC (Feast 1998). These constitute a rather long distance scale, with the average estimate for 
thee distance moduli for the LMC and SMC being 18.55 and 18.97 mag, respectively (Walker 
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1998). . 
Inn Fig. 4.4 we plot a histogram of the luminosities of the carbon stars and M stars in our 

sample.. We note that due to the small number of stars, and a possible bias towards carbon stars 
whenn we selected the stars, one should not over-interpret these histograms as the luminosity 
functionss of obscured M-type and carbon stars in the MCs. However, there is no indication 
forr a deficit in carbon stars brighter than Mbo! = - 6 mag: carbon stars do exist up to the 
highestt AGB luminosities: Mboi ~ - 7 mag. IRAS04498-6842 and IRAS05298-6957 may be 
luminosityy enhanced due to the effects of HBB, or they may actually be red supergiants. 

4.44 Discussion 

4.4.11 Luminous carbon stars 
Luminouss carbon stars may be formed after the AGB star has become obscured by its dusty 
CSE.. When mass loss has reduced the stellar mantle below a critical mass, HBB switches off 
(Boothroydd & Sackmann 1992). If such a star experiences another thermal pulse before leaving 
thee AGB, it may become a carbon star, after all (Frost et al. 1998; Marigo et al. 1998). This 
scenarioo is consistent with our spectroscopic confirmation of luminous carbon star candidates 
thatt are dust-enshrouded as a result of their AGB mass loss. The most luminous of these, 
IRAS04496-6958,, has an estimated Mboi = - 7 mag. However, we note that this object is 
peculiarr in that it has a (minor) oxygen-rich dust component in its CSE (Chapters 7 & 8). 

Ass the most luminous carbon star in the LMC is not experiencing HBB, its luminosity must 
nott exceed the classical limit to the AGB luminosity: Mboi£ - 7.1 mag (Wood et al. 1983; 
Boothroydd & Sackmann 1992). This sets an upper limit to the distance modulus of the LMC 
off 18.8 mag. 

4.4.22 Carbon and nitrogen enrichment 

Differencess in metallicity may be expected to affect the molecular and dust abundances in the 
CSEs.. Yet carbon stars in the LMC and the Milky Way appear to follow the same sequence of 
Wtymm versus (K - L). We here investigate whether this can be understood. 

Thee observed VVobserved is to a good approximation a dilution factor (1 + 0 smaller than the 
W+W+ in the purely photospheric spectrum: 

WW observed = / 5 J <™ = 7 — 7 l 4 - X J 

wheree the diluted flux ƒ is given by: 

ƒƒ = Fe~T + Sre~T (4.2) 

withh the photospheric flux F, dust emission source function 5, and optical depth r. We see that 
££ is proportional to r (times the ratio of S/Fcontinuum)- The difference between the observed 
(K(K - L) and the photospheric (K - L)0 colour is also proportional to r. Hence, for a given 
W+,W+, when the metallicity decreases, so does the optical depth of the CSE. The {K - L) colour 
becomess bluer, and the carbon star shifts along — not away from — the W3^m versus (K - L) 
sequence.. The fact that carbon stars in the LMC and the Milky Way appear to follow the same 
sequencee of WobServed versus (K - L) therefore implies that W* is independent of metallicity. 
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Ass the 3 /zm absorption is caused by HCN and C2H2 molecules, we now investigate how their 
abundancess are expected to depend on metallicity. 

Ass C2H2 associates at lower temperatures and gas pressures than HCN (Ridgway et al. 1978), 
freee carbon is expected to be preferentially locked into HCN. We assume that the number of 
carbonn atoms that are left after all oxygen is consumed in the formation of CO molecules, the 
freee carbon abundance JV(C-O), will combine with the available nitrogen atoms N(N) to form 
HCNN molecules. The free carbon abundance is determined by the initial free carbon abundance, 
iVo(C-O),, and the production and dredge-up of carbon during the thermal-pulsing AGB, 6(C). 
Likewise,, the nitrogen abundance is determined by the initial nitrogen abundance, N0(N), and 
thee production and dredge-up of nitrogen, <5(N). The latter takes place already before the 
thermal-pulsingg AGB, but is especially important when HBB occurs. The initial abundance 
iss proportional to the metallicity Z. Both the free carbon and the nitrogen abundance can be 
writtenn in identical form: 

NN = aZ + 6 (4.3) 

Itt is not well known what is the metallicity dependence of 6. With ZLMC = \ x ZMW, the HCN 
abundancee ratio between a carbon star in the LMC and a corresponding carbon star in the 
Milkyy Way (MW) can be written as 

JW(HCN)) = 0.5 + r/LMc 
i W H C N )) 1 + TÏMW ( ] 

wheree the enrichment term r\ is given by 

5 5 
nn = —z— (4.5) 

a z M W W 

Initiallyy there is more oxygen than carbon, and e*(C-0) is negative. To make a carbon 
star,, 6(C) must exceed | a(C-0)Z |. With the same value for r}{C)<  - 1 in the LMC and the 
Milkyy Way, Eq. 4.4 implies that more HCN would be produced in the LMC than in the Milky 
Wayy if the free carbon abundance limits the HCN abundance, much in the same way that it is 
easierr to make carbon stars at lower metallicity because there is less oxygen to bind into CO. 
If,, however, the nitrogen abundance limits the HCN abundance, then, as Q(N) and thus r/(N) 
aree positive, Eq. 4.4 implies that less HCN will be produced in the LMC than in the Milky 
Wayy unless the nitrogen enrichment term rj  is larger at lower metallicity. The question now is 
whichh species is more abundant in magellanic carbon stars: nitrogen or free carbon? 

Thee photospheric abundance of a carbon star near the end of its AGB life resembles that of 
thee PN that will be ejected. Of the 16 + 15 PNe in the LMC+SMC for which Leisy & Dennefeld 
(1996)) measured abundances, 8 + 1 0 have N(C-0)> 0, i.e. their progenitors left the AGB as 
carbonn stars. All of these have N{C-0)> N(N), the only exception being SMP47 in the LMC 
off Type I (nitrogen-enhanced). This would suggest that in the MCs, TV(HCN) in carbon stars 
iss limited by N{N), not by N(C-0). However, the PNe in the MCs are all less luminous than 
aboutt 10,000 L0 , corresponding to the luminosity of the faintest carbon star in our sample. 
Thee only more luminous PN in the LMC is SMP83, which is oxygen-rich (Dopita et al. 1993). 
Inn luminous AGB stars with massive cores, HBB enhances the nitrogen abundance. This starts 
too be effective around MboI = - 6 mag, where the optical luminosity function of carbon stars 
inn the MCs truncates. However, when mass loss continues, HBB diminishes. Stellar evolution 
codess show the N/O to decrease again, whilst the C/O increases (Marigo et al. 1998). If an 
AGBB star becomes a carbon star only after having experienced HBB, nitrogen may not be as 
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over-abundantt as observed for instance in PNe of Type I — that are usually oxygen-rich. So 
wee cannot be sure whether our sample of magellanic carbon stars also have 7V(C-0)> JV(N). 

Anyway,, any surplus of carbon ends up in C2H2. Thus, all carbon contributes to the 3 
HmHm absorption, either through HCN or C2H2. If this is correct, then the strength of the 
33 /zm absorption is determined by the free carbon abundance, no matter what the nitrogen 
abundancee is. Hence, in analogy to Eq. 4.4 we expect the 3 /*m absorption to be stronger 
inn the LMC than in the Milky Way, in disagreement with our observations. If the carbon 
enrichmentt is much larger than the initial carbon abundance (r?(C)< -1 ) the differences in 3 
fj,mfj,m absorption strength may be too small to appreciate in our data. Alternatively, the carbon 
enrichmentt may be less at lower metallicity. Another explanation may lie in the fact that 
stellarr photospheres are warmer at lower metallicity. The rotational bands of HCN and C2H2 

aree excited at temperatures between ~ 1000 and 1500 K (Ridgway et al. 1983), which occurs 
moree distant to a warmer stellar photosphere. The 3 /zm band strength may be weakened by 
thiss effect, canceling the expected increase in strength due to the more abundant free carbon 
att lower metallicity. 
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Discoveryy of the first extra-galactic SiO 
maser r 

JaccoJacco Th. van Loon, Albert A., Valentin Bujarrabal, Lars-Ake Nyman, 1996, A&A 306, L29 

Wee report on the detection of SiO J=2->1 v=l maser emission from the red supergiant 
IRAS04553-68255 in the LMC. It has thereby become the first known source of SiO maser 
emissionn outside the Milky Way. 

5.11 Introductio n 

Thee heaviest post-main sequence mass-loss occurs during the Red Supergiant (RSG, high mass 
stars)) phase or at the tip of the Asymptotic Giant Branch (AGB, intermediate mass stars). In 
oxygen-richh environments, the velocity structure of the inner part of the circumstellar envelope 
beloww the dust formation can be studied in SiO maser emission (Chapman & Cohen 1986). 
Thiss is where the poorly understood initiation of the mass loss flow occurs. 

Recently,, the first obscured evolved stars in the LMC were found, using the IRAS database 
(Reidd 1991; Wood et al. 1992; Zijlstra et al. 1996). Wood et al. (1992) discovered OH maser 
emissionn from six of these stars: the first known extra-galactic OH/IR stars. We used the SEST 
att La Silla to observe the best candidates for detection of 86 GHz SiO maser emission among 
thesee OH/IR stars. As a first result, we present the discovery of the first extra-galactic SiO 
maserr — viz. the RSG IRAS04553-6825. 

5.22 Observations 

Thee observations were performed on days 25, 30 and 31 of May 1995. We used the 15 m 
SESTT (sub)mm telescope at ESO/La Silla with the new 3 mm SIS receiver as the frontend, and 
thee high resolution spectrograph HRS as the backend. We observed the vibrational^ excited 
rotationall transition of the silicate molecule SiO(2-l)v=1 at 86243.442 MHz. During part of 
thee time we used this configuration simultaneously in combination with the low resolution 
spectrographh LRS tuned at the same frequency. We observed in a dual beam switch mode with 
thee source alternately placed in the two beams, a method which yields very flat baselines. The 
beamm separation was ~ 11.5'. The pointing was checked every few hours, using the nearby 
brightt SiO maser R Dor. This agreed with the specified accuracy of 3" rms. The Full Width 
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Halff Power of the beam is 57". At 86 GHz the channel separation is 0.15 km s_1 for the HRS 
andd 2.4 km s_1 for the LRS. The conversion factor from antenna temperature to flux units is 
255 Jy K_1 at 86 GHz. The internal absolute flux calibration is accurate to about 20%. 

Helpedd by good atmospheric conditions — relative humidity 15 to 30%, and outside air 
temperaturee about 15°C with little or no cirrus — the system temperature at 86 GHz was about 
1200 K or less at elevations above 40°, and about 150 K at an elevation of 20°. Polarization biases 
weree minimized by observing at different hour angles, because the parallactic angle changes with 
hourr angle. Long integrations naturally take care of this. 

5.33 Detection criteria 

Withh the spectrograph having 1600 to 2000 channels — though not all independent of each 
otherr — a minimum value for a detection threshold is three times the rms noise level. However, 
thee significance of a resolved spectral feature is higher than its peak intensity suggests. 

AA better estimate of the significance of a resolved spectral feature is obtained by rebinning 
thee spectrum. By dividing this smoothed spectrum by its rms noise level, the peak of the 
spectrall feature is expressed in terms of rms noise level. The peak of the spectral feature will 
reachh the highest significance for one specific binning. This yields the spectral width of the 
featuree and the significance of the integrated spectral feature. 

Ann additional check can be made on a possibly detected maser peak. Since the spectra are 
averagess of many individual scans, statistics can be done on this series of scans. For a specific 
channell we can calculate the variance over the set of scans, yielding an estimate for the noise 
levell of each channel. A feature in the variance spectrum coincident with a possibly detected 
maserr peak casts doubt on the maser nature of the peak. A maser peak is not expected to vary 
intrinsicallyy within the course of an observation, which makes an anomaly in the noise more 
likely.. The variance spectrum can also be used to check the derived average rms noise level. 
Inn the same way, we can calculate the covariance between one channel and another channel 
overr the set of scans. For each channel, we can integrate this covariance over a fixed number 
off adjacent channels, obtaining the covariance spectrum. Again, a feature in the covariance 
spectrumm right at the position of the possibly detected maser peak would suggest an anomaly 
inn the noise instead. 

Wee used a few different frequency settings during the course of the observation to check 
forr systematic flux offsets due to bad channels. The distribution of the observations over three 
separatee shifts allows for a check on consistency too. The very unlikely case of an artificial 
signall in the HRS spectrograph can be ruled out by simultaneous observation with the LRS 
spectrograph.. Finally, proximity in velocity space to an OH detected maser feature further 
enhancess the significance of a possible SiO detection. 

5.44 Results 

Alll HRS spectra of the SiO(2-l)w=i transition of IRAS04553-6825 are added together. The 
resultingg spectrum is shown in Fig. 5.1 (a and b). This spectrum is the result of a total 
off 9.9 hours on-source integration time. Due to the beamswitching and overhead from read
ing/writing,, tuning and pointing checks, the actual observing time was ~ 26 hours. The 1-a 
levell (= rms) is only 63 mJy. This low a noise level could only be achieved by the excellent 
performancee of the new receiver. 
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Figuree 5.1: (a) High resolution (HRS) spectrum around the SiO(2-l)„=i maser emission from 
IRAS04553-6825.. The velocities are heliocentric, and horizontal dotted lines are given per l-a 
(11 a = 63 mJy). (b) Expanded section of the original HRS spectrum around the maser peak. 
(c)) The HRS spectrum smoothed by averaging over 15 channels (= 2.25 km s ' 1 ) . Now 1 a = 
299 mJy. 

Thee SiO maser emission is clearly seen as a narrow, yet resolved peak at whei ~275 to 276 
kmm s_ 1 , at a level of ~ 4.6<r. We replaced the flux value of each channel by the average flux 
withinn a bin, centered on that channel and 15 channels wide (= 2.25 km s"1). The spectrum 
iss shown in Fig. 5.1c. Now, the significance of the maser is 6.9 a (1 a = 29 mJy). The maser 
emissionn peaks at uhei = 3 km s_ 1 , with a peak flux Fm a x = 6 Jy (Fig. 4.1b). 
Thee FWHM of the feature is ~ 1.1 km s_ 1 . The total width of the peak is ~ 2.3 km s _ 1 , with 
thee center-of-gravity at uhei ~ 275.9 km s"1. Integrating the feature in the region vhei = 274.73 
too 276.99 km s"1, we obtain an integrated flux F i n t = 0.45  0.07 Jy km s"1. There is a hint of 
emissionn at 260 km s~ \ as well as a possible broad pedestal emission component at vhe] ~ 260 
too 290 km s _ 1 . If real, this would imply an integrated flux of about a factor two higher than 
estimatedd above. 

Thee variance and covariance spectra were featureless. The peak is also dominantly present 
inn the LRS spectrum that we took during 5.7 hours out of the total on-source integration time. 
Thus,, the maser peak satisfies all the above-mentioned detection criteria. 
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5.55 Discussion 

Thee optical counterpart of IRAS04553-6825 is the red supergiant WOH G064 (Westerlund 
ett al. 1981; Elias et al. 1986). It is extremely bright, both bolometric (Mhol ~ -9.3 mag, 
Zijlstraa et al. 1996) as well as in the mid-IR (Fi2/im ~ 8 Jy). The progenitor mass is probably 
ass massive as ~ 50 M0 . For this massive a star, the spectral type is very late: about M7. 
Thee severe circumstellar extinction estimated from the (probably self-absorbed) 9.7 pun silicate 
featuree seems to be inconsistent with the relatively moderate circumstellar extinction estimated 
fromm the optical. This has usually been taken as an indication for either binarity or a highly 
flattenedflattened circumstellar material distribution (Roche et al. 1993). 

SiOO maser emission intensity is correlated with the mid-IR luminosity (e.g. Jewell et al. 
1991;; Lane 1982; Nyman et al. 1993). OH/IR stars which satisfy {K - L) < 4 mag exhibit 
brighterr SiO(2-l)„=1 masers than redder stars (Nyman et al. 1993). The SiO maser emission 
intensityy can be highly variable in time, but typically peaks in the first quarter of the pulsation 
cyclee (Lane 1982; Nyman & Olofsson 1986). At the time of the observations IRAS04553-6825 
satisfiedd all of these criteria for being an outstanding candidate for detection of SiO(2-1)^=1 
maserr emission. 

IRAS04553-68255 is the first extra-galactic stellar OH maser discovered (Wood et al. 1986) 
andd the strongest stellar 1612 MHz OH maser source in the LMC; it also exhibits 1665 MHz 
mainlinee OH maser emission (Wood et al. 1992). Both OH masers are double peaked, from 
whichh Wood et al. derived a stellar velocity of Ü* (OH)~ 260 km s_1. The bulk of the presently 
detectedd SiO maser emission comes from a peak that is situated redward of the OH maser 
emission,, with a velocity difference with respect to ^(OH) of vhel ~ 16 km s_ I . This is 
atypical,, since SiO maser emission is usually observed to be centered at the stellar velocity (e.g. 
Heskee 1989; Jewell et al. 1991; Lewis et al. 1995; Nyman et al. 1986). SiO maser emission is 
knownn to be highly variable in both intensity and line shape in an erratic way on timescales 
off months (Lane 1982), but excursions of SiO maser peaks only reach several km s^1 with 
respectt to the stellar velocity (e.g. Bujarrabal et al. 1986; Lane 1982; Nyman k Olofsson 1986; 
Olofssonn et al. 1985). Thus, it seems likely that the OH is not centred on the stellar velocity. 
Ann indication that not all the OH emission has been observed comes from the very low value 
forr the expansion velocity derived from the OH of only 11 km s"1: this is a factor of 3 to 4 
lowerr than is normally found for supergiants. To confirm this hypothesis, we took a medium 
resolutionn spectrum (R ~ 75, 000) with the NTT (ESO) in October 1995: the spectrum shows 
Hoo emission peaking at i;hei ~ 274 km s"1 (extending between vhei ~265 and 293 km s_1), 
confirmingg the revised value for the stellar velocity. 

Thee difference between the SiO maser peak velocity and the blue-most edge of the OH 
emissionn at i>hei ~ 250 km s_1 yields an expansion velocity of vexp ~ 26 km s_1, much more 
compatiblee with Milky Way RSGs than the exceptionally low outflow velocity of vexp ~ 11 
kmm s_1 previously determined. The red-shifted OH emission is not observed. The latter is 
expectedd if there is an inner ionized region which is optically thick at 18 cm (e.g. Shepherd et 
al.. 1990). The spectral type of IRAS04553-6825 is not consistent with an ionized stellar wind. 
Thee discovery of forbidden [N n] lines (Elias et al. 1986) confirms the existence of ionized gas 
inn its vicinity, but it is not clear whether this H II region is centered on the star. 

Fromm the integrated flux of the maser emission, and assuming that the maser emits isotrop-
ically,, we derive a total photon flux of ~ 6.8 x 1044 photons s"1. SiO maser emission is thought 
too be tangentially amplified (Diamond et al. 1994). For maser emission coming from a rather 
discretee structure such as a a globule, the angle between the maser beam and the line of sight can 
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Figuree 5.2: Periods and spectral types of giants (squares) and RSGs (triangles) from which 
Alcoleaa et al. 1990 did (solid symbols) or did not (open symbols) detect SiO(2-l)„=i emission. 
Thee star represents IRAS04553-6825. 

bee non-zero. In that case, the assumption of isotropic emission is no longer valid, which may 
leadd to either over- or under-estimating the total photon flux. Assuming isotropic emission, 
thee observed total photon flux places IRAS04553-6825 at the bright end of the distribution 
off the Milky Way AGB stars. The total photon fluxes of the RSGs VY CMa and VX Sgr 
aree an order of magnitude larger (Lane 1982), but they are exceptionally bright. Numerical 
simulationss yield larger total photon fluxes with increasing stellar radius (Bujarrabal 1994). 
Observationss showed that the total photon flux also increases with increasing pulsation period 
(Lanee 1982). In this respect, IRAS04553-6825 may not be that similar to Milky Way sources 
butt rather underluminous, since from its very large radius (it is very bright and very cool) and 
itss relatively long period (P ~ 930 d) we might have expected IRAS04553-6825 to be at least 
ass bright as VY CMa and VX Sgr. 

Alcoleaa et al. (1990) found that Mira variables always have a ratio SiO/IR (= SiO(2-l)„=i 
peakk intensity/8 /im intensity) ~ 1/10 (see also Hall et al. 1990). This is the maximum 
pumpp efficiency and it is only reached in favourable conditions (Bujarrabal et al. 1987). Semi 
Regularr Variables (SRVs) with visual amplitudes exceeding 2.5 magnitude always have about 
thee maximum efficiency, while SRVs with lower amplitude in V rarely reach the maximum 
efficiencyy and are often more than an order of magnitude less efficient. VY CMa and VX Sgr 
havee ratios SiO/IR ~ 1/7 and 1/4, respectively, and large amplitudes in V of 3.1 and 7.5 mag, 
respectively.. This may be (part of) the cause why these two RSGs exhibit such bright SiO 
maserr emission. IRAS04553-6825 has SiO/IR ~ 1/30, which means that it is quite efficient 
butt not optimal. The small amplitude of 0.3 magnitude in K suggests that IRAS04553-6825 is 
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nott a large amplitude variable, although the amplitude in V is unknown. IRAS04553-6825 has 
ann integrated- over peak flux ratio of Fint/FmAX ~ 2 km s'1 , whereas all detections in Alcolea 
ett al. 1990 have F j n t /Fmax = 2.5 to 6.1 km s"1 (Miras) and F i n t/Fmax ~ 7.0 to 10.7 km s"1 

(SRVs).. This is another indication that IRAS04553-6825 is probably underluminous in terms 
off total photon flux. 

Inn the sample of Alcolea et al. (1990), all stars with periods exceeding 400 days have spectral 
typess M6 or earlier. The RSGs with detected SiO(2-l) r=1 maser emission all have spectral type 
M4.55 or earlier, whereas detected giants have later spectral types but shorter periods (solid 
symbolss in Fig. 5.2). The M4.5 RSG NML Cyg (pulsation period P ~ 1280 d) may be the Milky 
Wayy star with the closest resemblance to IRAS04553-6825. Alcolea et al. detected SiO(2-l)„=1 

maserr emission from this star with a pump efficiency of only SiO/IR ~ 1/190. However, the 
totall photon flux (relative to the 8 fim intensity) is similar to that from IRAS04553-6825. The 
samee is true for their energy distributions (Elias et al. 1986). 

5.66 Conclusions 

Wee discovered the first extra-galactic SiO maser, from the red supergiant IRAS04553-6825 in 
thee LMC. The SiO maser peak was situated 16 km s_1 redward of the center of the double 
peakedd OH maser emission. We argue that the SiO maser peak velocity coincides with the 
stellarr velocity. This would mean that the outflow velocity of the circumstellar matter around 
IRAS04553-68255 is vexp ~ 26 km s"1, which is typical for galactic RSGs. The peak intensity of 
thee SiO maser emission is not incompatible with ranges found in galactic RSGs, but the total 
integratedd photon flux is lower than expected. 



Chapterr 6 

Discoveryy of H2O maser emission from 
thee red supergiant IRAS04553-6825 in 
thee Large Magellanic Cloud 

JaccoJacco Th. van Loon, Peter te Lintel Hekkert, Valentin Bujarrabal, Albert A. Zijlstra, Lars-Ake 
Nyman,Nyman, 1998, A&A 337, 141 

Wee report the detection of 22 GHz H20 maser emission from the red supergiant IRAS04553-6825 
inn the Large Magellanic Cloud. It is the first known source of circumstellar H20 maser emis
sionn outside the Milky Way. The measured flux density is comparable to that expected from 
scalingg the galactic red supergiant NML Cyg. The peak velocity agrees with the SiO maser 
peakk velocity. 

AA near-infrared spectrum indicates that IRAS04553-6825 has a typical LMC metallicity. 
Wee argue that, possibly as a result of the low metallicity, the H20 emission probably occurs 
nearr or within the dust formation radius, rather than further out as appears to be the case in 
NMLL Cyg and galactic OH/IR stars. 

6.11 Introductio n 

Maserr emission from evolved stars is associated with dusty, oxygen rich circumstellar envelopes 
(CSEs),, mainly around red supergiants (RSGs) and stars at the tip of the Asymptotic Giant 
Branchh (AGB) (Elitzur 1992; Habing 1996). The strongest maser lines originate from OH (at 
16122 MHz), H20 (at 22 GHz) and SiO (at 43 and 86 GHz), located progressively deeper into 
thee CSE. Hence these lines are used to trace the mass-loss history and velocity structure of 
thee CSE, through their photon fluxes and line profiles (Chapman & Cohen 1986; Lewis 1989, 
1990).. Maser lines are also excellent tracers of the stellar space velocity and have been used to 
mapp the kinematics and mass distribution in our Galaxy (e.g. Lindqvist et al. 1992; Sevenster 
ett al. 1995). 

Circumstellarr OH and SiO maser emission has recently been detected in the Large Magel
lanicc Cloud (LMC) (Wood et al. 1986, 1992; van Loon et al. 1998a, 1996: Chapters 3 & 5). 
Woodd et al. (1992) argue that the outflow velocities in CSEs of OH/IR stars in the LMC are 
aa factor two lower than in corresponding Milky Way stars, a difference they attribute to less 
efficientt driving of the outflow caused by the lower metallicity in the LMC. However, Zijlstra 
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ett al. (1996) find the difference to be only 20 to 30%, from their analysis of the same data. 
Moreover,, the SiO maser emission from the LMC RSG IRAS04553-6825 (Chapter 5) showed 
thatt in this case, the outflow velocity as derived from the OH maser profile was underestimated 
byy more than a factor two. The relation between outflow velocity and metallicity is therefore 
stilll uncertain. 

Inn the LMC, SiO maser emission is generally too faint to be detected, with IRAS04553-6825 
thee only successful detection to date. Stellar H20 maser emission has not been found outside 
thee Galaxy before. 

Heree we present the discovery of the first extra-galactic source of circumstellar H20 maser 
emissionn — viz. the RSG IRAS04553-6825 in the LMC. We also present spectroscopic results 
thatt confirm the LMC metallicity of its stellar photosphere. We then discuss the implications 
forr the structure of the CSE by comparing with the galactic red supergiant NML Cyg. 

6.22 Observations and Results 

6.2.11 H 20 radio observations 

Thee observations were performed on August 19, 20 of 1997, using the 64 m radio telescope 
att Parkes, Australia. We observed the 6i6 -»• 523 rotational transition of ortho-H20 at a rest 
frequencyy of 22.235 GHz, using the 1.3 cm receiver plus autocorrelator backend. The 64 MHz 
bandd width and 1024 channels centred at ~22.21 GHz yield a velocity coverage of ~860 km s_1 

att 0.84 km s_1 channel-1. Using the Dual Circular feed we simultaneously obtained spectra 
inn left and right circular polarization. The beam FWHM is 1.4', the system temperature is 
typicallyy 110 K, and the conversion factor from antenna temperature to flux density is 6.3 Jy 
K"1.. The nearby sky was measured every two minutes, resulting in very flat baselines that 
requiredd only a very shallow second-order polynomial to be subtracted. 

Wee observed the LMC RSG IRAS04553-6825 for six hours on-source integration. No dif
ferencee was found between the spectra obtained at either polarization, which we then averaged. 
Thee final 22-GHz spectrum of IRAS04553-6825 is presented in Fig. 5.1, with flux densities in 
mJyy and heliocentric velocities in km s'1. The measured rms (1 a) is only 5.5 mjy. 

Wee detected a single peak of H20 maser emission with a peak flux density of 68 mJy 
(withh 20% calibration accuracy), corresponding to a 12 a detection. The peak is centred at a 
heliocentricc velocity of 277 km s_1 and has a FWHM of 1.7 km s - 1 . The integrated flux of the 
emissionn is 0.17 Jy km s~l. 

6.2.22 Call triple t echelle spectroscopy 

Wee used the 3.5 m New Technology Telescope (NTT) at the European Southern Observatory 
(ESO)) at La Silla, Chile, on January 7,1996, with the ESO Multi-Mode Instrument (EMMI) to 
obtainn an echelle spectrum of IRAS04553-6825. Grating #14 and grism #4 as cross disperser 
weree used, yielding a spectral coverage of 6000 to 9000 A. The slit width and length were 2" 
andd 4", respectively. The integration time was one hour. 

Thee data were reduced in the normal way using the Munich Interactive Data Analysis 
Softwaree (MIDAS) package. The wavelength calibration was done by taking a ThAr lamp 
spectrumm in conditions identical to the spectrum of IRAS04553-6825. The measured spectral 
resolvingg power is R ~ 4 x 104. 
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Figuree 6.1: Discovery spectrum of the 22 GHz H20 maser emission from LMC red supergiant 
IRAS04553-6825.. The velocities are heliocentric. Also indicated are the peak velocities of the 
866 GHz SiO and 1612 MHz OH masers (arrows) and the total velocity extent of the 1612 MHz 
OHH maser (bar). 
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Figuree 6.2: Echelle spectra of the Ca n triplet lines in IRAS04553-6825. 

Thee equivalent width of the Ca II triplet lines at 8498 8542, and 8662 A measures the surface 
gravityy in giants and supergiants, if the metallicity is known. Reversely, if an estimate of the 
surfacee gravity is available from knowledge of spectral type and luminosity, the Ca n lines can 
bee used to infer the metallicity. 

Thee echelle spectrum of IRAS04553-6825 around the Ca II triplet is presented in Fig. 6.2, 
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onn an arbitrary flux scale. The equivalent widths of the two strongest components are measured 
ass W8542 = 1.6  0.1 A and W8662 = 1.7  0.1 A. Their sum is W8542+8662 = 3.3  0.2 A. 

Thee Ca II absorption is maximum at a heliocentric velocity of ~300 km s~l, corresponding 
too a redshift with respect to the stellar velocity of a little less than the outflow velocity in 
thee outer parts of the CSE. This is explained by scattering of the photospheric spectrum by 
ann extended, expanding dust shell. The measured equivalent widths of the Ca II lines are not 
affectedd by the scattering (see Romanik & Leung 1981, and references therein). 

Forr IRAS04553-6825 we adopt a bolometric luminosity of L ~ 4 x 105 L0 , and an effective 
temperaturee between 2500 and 3000 K (spectral type: M7 supergiant). The surface gravity 
mustt then be about log g ~ 0 cm s~2. If we then compare the measured equivalent width of 
thee Ca 11 triplet with the results from Garcia-Vargas et al. (1998), we find that consistency is 
onlyy achieved if the metallicity of IRAS04553-6825 is a factor two to three lower than solar. 
Thiss result is not very sensitive to the values of the adopted stellar parameters, and hence we 
concludee that IRAS04553-6825 has a typical LMC metallicity (Z = 0.008). 

6.33 Discussion 

6.3.11 Circumstellar  H 20 masers in the LM C 

Thee detection of IRAS04553-6825 shows that H20 masers in the LMC with photon fluxes of 
10444 s_1 are detected at a 5 a level within 6 hours of on-source integration, with the current 
receiverr at Parkes. Typical observed H20 maser photon fluxes from galactic sources are between 
10433 s"1 (Lindqvist et al. 1990) and 1044"45 s"1 (Nyman et al. 1986) for OH/IR stars, 1041~44 s"1 

forr irregular and semiregular red variables with mass-loss rates ~ 10~7 M0 yr_1 (Szymczak h 
Engelss 1997), 1043-44 s_1 for Mira variables (Benson & Little-Marenin 1996; Yates et al. 1995) 
andd 1044-45 s_1 for supergiants (Yates et al. 1995). This implies that many of the mass-losing 
RSGss and AGB stars (i.e. IRAS point sources) in the LMC are expected to have detectable 
H2OO maser emission. 

6.3.22 Introductio n to IRAS04553-6825 

Withh a bolometric luminosity Mho\ = -9.3 mag and a spectral type M7, IRAS04553-6825 was 
recognisedd to be the most luminous (very) red supergiant in the LMC by Elias et al. (1986). 
Thee progenitor mass was estimated MZAMS ~ 50 MQ by Zijlstra et al. (1996). The current 
mass-losss rate of M ~few 10"4 MQ yr_1 was estimated from the self-absorbed 10 fxm silicate 
dustt feature by Roche et al. (1993), who argue that the lower than expected extinction in the 
opticall indicates a disky CSE. 

IRAS04553-68255 exhibits strong OH 1612 MHz and weaker 1665 MHz mainline emission 
(Woodd et al. 1986, 1992). Comparison of the SiO maser peak velocity and the OH maser 
emissionn profile revealed that OH is only observed from the blue-shifted part of the shell. The 
outfloww velocity is 27 km s"1, similar to Milky Way RSGs. (Wood et al. derived 10 km s_1 as is 
suggestedd by the OH maser emission profile alone.) It is possible that the red-shifted emission 
iss much weaker than the blue-shifted and therefore below the detection limit. Stronger blue-
shiftedd emission is expected if the maser amplifies emission from within the shell. Alternatively, 
ann asymmetric and structured OH profile can also arise from bipolar outflow (Chapman 1988; 
tee Lintel Hekkert et al. 1988). 
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Tablee 6.1: Comparison between the properties of the red supergiants NML Cyg in the Milky 
Wayy and IRAS04553-6825 in the LMC. 

Bolo.. Luminosity 
Distance e 
Progenitorr Mass 
Spectrall Type 
Pulsationn Period 
Mass-losss Rate 
100 /im Silicate 
(K(K — L) colour 
{H{H  - K) colour 
Outfloww Velocity 
CSEE Geometry 
OHH Profile 
OHH Peak (1 kpc) 
OHH Photon Flux 
SiOO Profile 
SiOO Peak (1 kpc) 
SiOO Photon Flux 
Fsio/Ffym Fsio/Ffym 
Fint/Fmax(SiO) ) 
H200 Profile 
H200 Peak (1 kpc) 
H200 Photon Flux 

NMLL Cyg 
55 x 106 L0 

22 kpc 
~5OM0 0 

M6 6 
9400 days 
1.8xl0"44 M0 yr"1 

emission+absorption n 
2.44 mag 
2.00 mag 
288 km s"1 

diskk 4- bipolar 
bluee asymm./duplicity 
1.11 kJy 
44 x 1045 s-1 

peakk + broad comp. 
1444 Jy 
0.66 x 1045 s"1 

l l 
90 0 

7.33 km s-1 

blue-shiftedd maximum 
1600 Jy 
2.66 x 1044 s"1 

IRAS04553-6825 5 
44 x 105 L0 

500 kpc 
~500 M0 

M7 7 
9300 days 
~5xl0~44 M0 yr"1 

emission+absorption n 
1.99 mag 
1.22 mag 
277 km s"1 

diskk 4- bipolar 
bluee asymm./duplicity 
1.00 kJy 
3.77 x 1045 s-1 

peakk 4- broad comp. 
2700 Jy 
2.66 x 1045 s"1 

l l 
43 3 

15.77 km s"1 

stellarr velocity 
1700 Jy 
2.66 x 1044 s"1 

6.3.33 Similaritie s between IRAS04553-6825 and NM L Cyg 

IRAS04553-68255 is remarkably similar to NML Cyg, a well known RSG in the Milky Way 
(Johnsonn 1967; Diamond et al. 1984; Richards et al. 1996; Monnier et al. 1997), in terms 
off luminosity, progenitor mass, spectral type, pulsation period, mass-loss rate, 10 //m feature 
profile,, outflow velocity, CSE geometry, OH maser emission profile and peak flux density (scaled 
too a common distance of 1 kpc), and SiO maser photon flux. The properties of the two stars 
aree compared in Table 6.1. We compiled the infared photometry from the data provided in 
Gezarii et al. (1993), and use F8„m(zeromag) = 2 x 10"12 W m"2^™ -1 = 42.7 Jy. The H20 
propertiess (NML Cyg: Yates et al. 1995) are also included in Table 6.1. 

Thee pump efficiency of SiO masers is known to be related to the pulsation amplitude (Alcolea 
ett al. 1990): Mira variables and semi-regular variables with visual amplitudes exceeding 2.5 mag 
alwayss reach the maximum efficiency, while variables with smaller amplitudes are usually less 
efficient.. We recalculated the pump efficiency of the SiO masers Fsio/F&tim. The pumping 
inn IRAS04553-6825 is twice as efficient as in NML Cyg, but a factor ~ 4 less than in Mira 
variables.. The SiO maser emission of IRAS04553-6825 has a larger ratio F in t/Fmax than NML 
Cygg (at a common resolution of 0.7 km s_1), and a few times as large as Mira variables (Alcolea 
ett al. 1990; Chapter 5). 

Thee near-infrared (JHKL) amplitudes are 0.4 mag for NML Cyg (Gezari et al. 1993) and 
0.33 mag for IRAS04553-6825 (Wood et al. 1992). For NML Cyg, Kholopov et al. (1985) list 
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aa magnitude range of 11.19 to 12.54 mag in R, and 17.0 to 18.0 mag in V. We have sparse 
opticall photometry of IRAS04553-6825 in the period 1994 to 1997, suggesting an amplitude 
inn V of ~ 2 mag (smaller in R). We conclude that the pulsation properties of NML Cyg and 
IRAS04553-68255 are similar, with possibly IRAS04553-6825 closer resembling Mira variables. 

Fromm the similar properties of both objects we predicted to detect 22 GHz H20 maser 
emissionn from IRAS04553-6825 at a level of ~ 60 mJy (van Loon 1998). The measured peak 
fluxflux density is in excellent agreement with this prediction. 

6.3.44 Location of the H2O masers 

AA striking difference between the H20 masers of IRAS04553-6825 and NML Cyg is that in 
IRAS04553-68255 the emission peaks at the stellar restframe velocity, whereas in NML Cyg the 
linee profile resembles the OH maser line profile. 

Interferometricc observations of the masers around NML Cyg indicate that its H20 masers 
aree amplified radially and that they are located in the dusty part of the CSE, where radiation 
pressuree on the grains accelerates the outflowing matter (Richards et al. 1996). Indeed, in NML 
Cygg the strongest emission occurs at a blueshift of ~ 20 km s_1. 

Thee peak of H20 maser emission from IRAS04553-6825 falls within ~ 1 km s"1 of the 
stellarr velocity (as inferred from the SiO velocity), and all emission is detected within a range 
off 8 km s_1. This is similar to the situation in Mira variables, indicating low outflow velocities 
inn the H20 masing region of the CSE (Yates et al. 1995). In contrast, NML Cyg is similar to 
thee OH/IR stars. 

Cookee & Elitzur (1985) derive a scaling relation for estimating the inner radius rq of the H20 
masingg region, below which the density is higher than ~ 109 cm - 3 and the maser is quenched. 
Thiss was confirmed by observations (Yates k Cohen 1994). The collision rate is dominated 
byy collisions with H2 and does therefore not depend on metallicity: we therefore expect that 
thee same relation will hold in the LMC. With an outflow velocity at rq of 0.8 km s_1 (half 
thee FWHM of the H20 maser peak), and an average particle mass of 2 x 10~24 g, we estimate 
rr qq ~ 4 x 1015 cm, or ~ 20 times the stellar radius. This is outside the region where the SiO 
maserr occurs (Humphreys et al. 1996). 

Wee speculate that in IRAS04553-6825 the H20 maser originates near the dust formation 
radius,, where the logarithmic velocity gradient is very high (d(\n(v))/d(\n(r))Zl) and tangential 
amplificationn dominates over radial amplification. Part of the emission may also originate from 
insidee the dust formation radius where outflow velocities are low. Both cases could explain the 
narroww H20 peak coinciding with the tangentially amplified SiO maser peak (see also Engels 
ett al. 1997). The H 20 masers in NML Cyg are located outside of the dust formation region, 
wheree the outflow velocities are already £15 km s_1 (Richards et al. 1996). 

Inn this model, either the maser occurs closer to the star in IRAS04553-6825, or dust 
formationn takes place further out (as in galactic Miras as compared to galactic OH/IR stars). 
Thee first possibility appears less likely if the inner radius is set by collisional quenching of 
thee population inversion. It would be interesting to test whether at lower metallicity the dust 
formationn and the acceleration of the outflow occurs at larger radii because of the relative lack 
off refractory elements: in this case the difference between NML Cyg and IRAS04553-6825 
couldd be a generic difference between similar stars in the Milky Way and the LMC. 
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ISOO observations of obscured 
Asymptoticc Giant Branch stars in the 
Largee Magellanic Cloud 

NormanNorman R. Trams, Jacco Th. van Loon, L.B.F.M. Waters, Albert A. Zijlstra, Cecile Loup, 
PatriciaPatricia A. Whitelock, M.A.T. Groenewegen, Joris A.D.L. Blommaert, Ralf Siebenmorgen, A. 
Heske,Heske, Michael W. Feast, 1999, A&A Main Journal in press 

Wee present ISO photometric and spectroscopic observations of a sample of 57 bright Asymptotic 
Giantt Branch stars and red supergiants in the Large Magellanic Cloud, selected on the basis of 
IRASS colours indicative of high mass-loss rates. PHOT-P and PHOT-C photometry at 12, 25 
andd 60 ^m and CAM photometry at 12 /xm are used in combination with quasi-simultaneous 
ground-basedd near-IR photometry to construct colour-colour diagrams for all stars in our sam
ple.. PHOT-S and CAM-CVF spectra in the 3 to 14 /im region are presented for 23 stars. From 
thee colour-colour diagrams and the spectra, we establish the chemical types of the dust around 
499 stars in this sample. Many stars have carbon-rich dust. The most luminous carbon star in 
thee Magellanic Clouds has also a (minor) oxygen-rich component. OH/IR stars have silicate 
absorptionn with emission wings. The unique dataset presented here allows a detailed study of 
aa representative sample of thermal-pulsing AGB stars with well-determined luminosities. 

7.11 Introductio n 

Onee of the least expected achievements of the Infra-Red Astronomical Satellite (IRAS; Neuge-
bauerr et al. 1984) was the detection of a large number of mid-IR point sources in the Large 
Magellanicc Cloud (LMC) just above its limits of sensitivity (IRAS Point Source Catalogue; 
Schweringg k Israel 1990). Many of these are candidates for intermediate-mass stars at the tip 
off the Asymptotic Giant Branch (AGB). Their lives drawing to a close, these stars are shedding 
theirr stellar mantles at rates of up to 10~4 M0 yr - 1 . Their dusty circumstellar envelopes (CSEs) 
obscuree the optical light from the star and become very bright IR objects. The details of the 
evolutionn and mass loss of AGB stars are poorly understood. The study of galactic samples 
off AGB stars is severely hampered by the difficulty to determine accurate distances to stars in 
thee Milky Way. The distance to the LMC, however, is well known and hence luminosities and 
mass-losss rates of AGB stars in the LMC may be determined with a high degree of accuracy. 

81 1 



82 2 ChapterChapter 7 

Tablee 7J IRAS detected stars observed with ISO: names (LI stands for LI-LMC (Schwering & Israel 1990), TRM is from Reid et al. (1990), HV 
iss from Payne-Gaposchkin (1971), SP is from Sanduleak & Philip (1970) and WOH is from Westerlund et al. (1981); sources will be referenced 
hereafterr by their bold-faced names), ISO pointing coordinates (J2000), and references: 1: Hodge & Wright (1969); 2: Eggen (1971); 3: Wright 
&& Hodge (1971); 4: Dachs (1972); 5: Sandage & Tammann(1974); 6: Glass (1979); 7: Humphreys (1979); 8: Blanco et al. (1980); 9: Feast el 
al.(1980);; 10: Bessell & Wood (1983); 11: Wood et al. (1983); 12: Rebeirot et al. (1983); 13: Prevot et al (1985); 14: Elias et al. (1985); 15: 
Woodett al. (1985); 16: Elias et al (1986); 17: Woodet al. (1986); 18: Reid et al. (1988); 19: Reid (1989); 20: Hughes (1989); 21: Hughes & 
Woodd (1990); 22: Reid et al. (1990); 23: Hughes et al. (1991); 24: Wood et al. (1992); 25: Roche et al. (1993); 26: Groenewegen et al (1995); 
27:: Zijlstra et al. (1996); 28: Ritossaet al. (1996); 29: van Loon et al. (1996); 30: van Loon et al. (1997); 31: Loup et al. (1997); 32: Oestreicher 
(1997);; 33: van Loonet al. (1998a); 34: Groenewegen & Blommaert (1998); 35: van Loon el al. (1998b); 36: van Loon et al. (1999) 

LI I 

1825 5 
1844 4 
4 4 
57 7 
60 0 
77 7 
92 2 
121 1 
141 1 
153 3 
159 9 
181 1 
198 8 
203 3 
297 7 
310 0 
383 3 
570 0 
571 1 
578 8 
612 2 
1880 0 
663 3 
793 3 

--
--
1157 7 
1130 0 
1145 5 
1153 3 
1164 4 
1177 7 
1238 8 
1281 1 
1286 6 
1345 5 
1382 2 
1506 6 
1756 6 
1790 0 
1795 5 

IRAS S 

04286-6937 7 
04374-6831 1 
04407-7000 0 
04496-6958 8 
04498-6842 2 
04509-6922 2 
04516-6902 2 
04530-6916 6 
04539-6821 1 
04544-6849 9 
04545-7000 0 
04553-6825 5 
04557-6753 3 
04559-6931 1 
05003-6712 2 
05009-6616 6 
05042-6720 0 
05112-6755 5 
05113-6739 9 

--
05128-6728 8 
05128-6455 5 
05148-6730 0 
05190-6748 8 

--
--
05295-7121 1 
05289-6617 7 

--
05294-7104 4 
05298-6957 7 
05300-6651 1 
05316-6604 4 
05327-6757 7 
05329-6708 8 
05348-7024 4 
05360-6648 8 
05402-6956 6 
05506-7053 3 
05558-7000 0 
05568-6753 3 

TRM M 

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
48 8 
4 4 
24 4 
72 2 
43 3 

--
36 6 
20 0 
88 8 
45 5 

--
99 9 

--
--
--
79 9 
101 1 
5 5 
60 0 

--
77 7 

--
--
--
--

HV V 

--
--
--
--
--
--
--
--
--
--
--
--
--
12501 1 

--
--
888 8 

--
--
--
2360 0 

--
916 6 

--
--
--
--
--
5870 0 

--
--
--
--
996 6 

--
--
--
--
--
--
--

RAA (2000) 

044 28 30.3 
044 37 22.8 
044 40 28.4 
044 49 18.6 
044 49 41.4 
044 50 40.2 
044 51 28.4 
044 52 45.3 
044 53 46.3 
044 54 14.4 
044 54 09.8 
044 55 10.1 
044 55 38.9 
044 55 41.6 
055 00 18.9 
055 01 03.8 
055 04 14.3 
055 11 10.1 
055 11 13.7 
055 11 41.2 
055 12 46.4 
055 13 04.6 
055 14 49.9 
055 18 56.7 
055 20 20.9 
055 28 16.3 
055 28 40.8 
055 29 02.6 
055 29 03.5 
055 28 47.8 
055 29 24.5 
055 30 04.2 
055 31 45.9 
055 32 36.0 
055 32 52.5 
055 34 16.1 
055 36 03.3 
055 39 44.6 
055 50 09.1 
055 55 20.8 
055 56 38.7 

Decll (2000) Otherr names 
IRASIRAS detected stars 

- 6 99 3049 
- 6 88 25 03 
- 699 55 13 
- 699 53 14 
- 688 37 50 
- 699 17 33 
- 6 88 57 53 
- 6 99 1153 
- 6 88 16 12 
- 6 88 44 13 
- 6 99 56 00 
- 6 88 20 35 
- 6 77 49 10 
- 6 99 26 25 
- 6 77 08 02 
- 6 66 1240 
- 6 77 16 17 
- 6 77 52 17 
- 6 77 36 35 
-66511 12 
- 6 77 19 37 
- 6 44 51 40 
- 6 77 27 19 
- 6 77 45 06 
- 6 66 36 00 
- 677 20 55 
- 711 19 13 
- 6 66 1531 
- 699 06 47 
-71022 29 
- 699 55 14 
- 666 49 23 
- 666 03 51 
- 677 55 08 
- 677 06 25 
- 700 22 53 
- 6 66 4647 
- 699 55 18 
- 7 00 53 12 
-70000 05 
- 677 53 39 

--
--
--
--
--
--
--
--
--
SP777 30-6. 

--
WOHG64 4 

--
SP777 31-20, 

--
--
SP777 29-33. 

--
--
--
SP777 37-24, 

--
SP777 37-35, 

--
--
--
--
--
SP777 47-17. 

--
--
--

WOHH SG66 

WOHH SG097 

WOHH SGI40 

WOHH SGI93 

WOHH SG204 

WOHH SG331 

WOHH SG374 
SP777 46-59, 

--
--
--
--
--
--
--

WOHH SG388 

References s 

27.31,33 3 
27,31,33 3 
27,31,33 3 
27,31,33,34,36 6 
27,31,33,36 6 
24.27.28,33,36 6 
24,27,33 3 
24.27.28 8 
27.31,33 3 
12,13,20,21,27,31 1 
24.27 7 
16,17,19,24,25,27.29.31.33.35,36 6 
27,31,33 3 
11,12.13,20,22,27.32,33 3 
27.30.31,33,36 6 
27.31,33.36 6 
5.6,7,11.14.18.22.31,32 2 
22,27.31.33.36 6 
22.27.31.33 3 
22,27.31.33 3 
3,5,6,7,11,14,18,22,31 1 
27,31,33.36 6 
1,2,4,6,7,11,18,22,31,32 2 
22.27,31.33 3 
22.27,31.33,34,36 6 
22.27.31.33 3 
27,31 1 
22.27.31 1 
9,11,20,31 1 
24,27.33 1 
24,27,31.36 6 
22,27.31,36 6 
22,27.31 1 
7,11,17,18,22.31 1 
17,22.24,26,27,31.33.36 6 
27,31,33 3 
22.27,31,33 3 
24,27 7 
27.31.33 3 
27,31 1 
27,31 1 

Earlyy explorations of the IRAS data in combination with ground-based near-IR observations 
resultedd in the first identifications of mid-IR sources in the LMC with obscured AGB stars 
(Reidd et al. 1990; Wood et al. 1992). We have successfully increased the sample of known AGB 
counterpartss of IRAS sources in the LMC from a dozen to more than 50 stars (Loup et al. 
1997;; Zijlstra et al. 1996: papers I k II; van Loon et al. 1997, 1998a: Chapters 2 k 3). We 
attemptedd to classify their photospheres and CSEs as oxygen- or carbon-dominated, but for the 
majorityy of the stars this could not be done conclusively There remained therefore considerable 
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Tfcblee 7.2 The list of program stars without IRAS counterpart. The references are as in Table 7.1. SHV is from Hughes (1989), BMB is from 
Blancoo et al. (1980), WBP is from Wood et al. (1985) and GRV is from Reid et al. (1988). 

HV V RA(2000) ) Decll (2000) Otherr names References s 
rwn-IRASrwn-IRAS sources classified as C stars 

--
_ _ 
2379 9 
_ _ 
_ _ 
_ _ 
--

2446 6 

_ _ 
_ _ 
_ _ 
--
12070 0 

044 53 59.7 
055 02 28.7 
055 14 46.3 
055 2046.8 
055 25 30.6 
055 26 17.4 
055 35 11.4 

non-IRAS non-IRAS 
055 20 01.5 
055 21 33.1 
055 2140.5 
055 24 31.3 
055 30 00.3 
055 52 27.8 

-677 45 47 
- 699 20 10 
- 677 55 47 
- 699 0125 
- 700 09 13 
- 699 08 07 
-70222 46 

SHV0454030-675031 1 
SHV0502469-692418 8 

--
SHV0521050-690415,, BCB-R046 
SHV0526001-701142 2 
WBP14 4 
SHV0535442-702433 3 

sourcessources classified as Mor S stars 
- 677 34 43 
-70099 56 
- 700 22 31 
-69433 25 
-70200 06 
- 699 14 12 

WOHH G274, GRV0520-6737 
SHV0522023-701242 2 
SHV0522118-702517 7 
SHV0524565-694559 9 
SHV0530323-702216 6 
WOHSG515 5 

20,21 1 
20,21,23 3 
3,10,11,20 0 
8,20,21,23 3 
20,21 1 
15 5 
20,21 1 

11,18 8 
20,21 1 
20,21 1 
20,21 1 
20,21,23 3 
9,11 1 

non-IRASnon-IRAS sources without spectral classification 

--
--
--

055 00 11.2 
055 00 13.5 
055 19 41.8 

- 6 88 12 48 
-688 24 56 
-666 57 50 

SHV0500193-681706 6 
SHV0500233-682914 4 
GRV0519-6700 0 

20,21 1 
20,21 1 
18 8 

uncertaintyy about the luminosity distribution of the obscured carbon stars. This information is 
importantt for testing current understanding of the evolution of AGB stars, including dredge-up 
off carbon and nuclear burning at the bottom of the convective mantle (Hot Bottom Burning, 
HBB). . 

577 obscured AGB stars and a few red supergiants (RSGs) in the LMC were selected for 
Guaranteedd Time and follow-up Open Time observations with the Infrared Space Observatory 
(ISO;; Kessler et al. 1996). The goals were to obtain photometry at 12, 25 and 60 /zm and to 
spectroscopicallyy determine the chemical types of the CSEs. The photometry, which covers 
thee entire spectral energy distributions (SEDs), can be modelled and used to derive accurate 
luminositiess and mass-loss rates. In this paper we present the ISO data and classify sources as 
oxygen-- or carbon-rich. 

7.22 Source selection 

Thee sources observed with ISO were selected from the lists presented in Paper I, where all 
IRASS candidate AGB stars in the MCs are listed. We selected 30 infrared AGB stars or RSGs 
withoutt optical counterparts from their Table 2. These objects should represent the brightest, 
mostt obscured AGB stars. Four objects from this table were excluded because of their red 
IRASS colours (S25/Si2£2.5): LI-LMC528, 861, 1137 and 1341. We also selected 8 sources 
fromm the optically known M and C stars with IRAS counterparts in Table 1 of Paper I. These 
includee well known Harvard Variables as well as the optically thick source IRAS04553-6825 
(LI-LMC181,, WOH G64; Elias et al. 1986; Wood et al. 1986). Two unidentified IRAS sources 
fromm Table 4 of Paper I have been included in the present sample. LI-LMC203 is near an Ml.5 
starr (HV12501), but there is also an A3 lab supergiant (Sk-69-39a) close to the IRAS position. 
Forr LI-LMC1795 we found a bright R-band counterpart (Paper II). Finally one source from 
Tablee 7 of Paper I was included (LI-LMC1130). Although listed in Paper I as a foreground 
star,, it was included here in an attempt to establish whether this is true. For these last three 
starss the higher spatial resolution ISO observations at 12 yum allow a better identification of 
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thee source with one of the possible counterparts found near the IRAS position. The 41 IRAS 
sourcess included in this study are listed in Table 7.1, with the most common names for these 
objects,, their coordinates (J2000) and some references. The coordinates for the pointings of 
thee ISO observations were taken from the SIMBAD astronomical database in 1994. 

Thee selection of IRAS detected AGB stars gives a sample that is severely biased towards 
veryy luminous stars (including supergiants). We therefore also included 16 non-IRAS stars. 
Thesee were mostly taken from Wood et al. (1983, 1985), Reid et al. (1990) and Hughes (1989). 
Sevenn of these objects are classified as C stars from optical spectra or near-IR colours. Six 
objectss are classified as M or S stars and for three objects no classification is available. This 
groupp of non-IRAS sources also includes the RCB-like variable HV2379 (Bessell k Wood 1983). 
Thesee sources are listed in Table 7.2. 

7.33 IRAS data 

Heree the IRAS data are discussed, for later comparison with the ISO photometry. Data at 12, 
25,, 60 and 100 /im was retrieved from the IRAS data base server in Groningen1 (Assendorp et 
al.. 1995). The Groningen Gipsy data analysis software was used to measure the flux density 
fromm a trace through the position of the star (Gipsy command SCANAID). For the 60 and 100 
^mm data, 2 x 2 square degree maps were created with 0.5' pixels to find point sources coincident 
withh the positions of the stars. The 12 and 25 yum flux densities have a 1-CT error of a few per 
cent,, with a minimum error of ~ 0.01 Jy. The 60 and 100 /im flux densities are much less 
certain,, and it is also more difficult to assess reliable error estimates: 10% would be a typical 
error.. The faintest 60 //m sources that IRAS detected were assigned F60 = 0.1 Jy. Only one 
sourcee was well detected at 100 /im. The flux densities are listed in Table 7.3. When it is not 
certainn that the measured flux density is physically related to the star of interest it is marked 
withh a colon. 

Alll of our sources that are in the IRAS-PSC, plus HV5870 (=LI-LMC1145) and TRM72 
(=LI-LMC578)) that are in Schwering &; Israel (1990), were recovered with good flux den
sityy determinations at 12 /im. Reliable 12 /im flux densities could also be determined for 
IRAS05128-64555 and 05289-6617, below their upper limits as listed in the PSC. Neither 
inn the PSC, nor in Schwering & Israel (1990), are HV12070, HV2379, HV2446, TRM45 and 
TRM888 secure detections. Detection is not certain for WBP14 and the SHV sources for which 
fluxx density estimates are listed. The 12 /im flux densities of the GRV source and four SHV 
sourcess are upper limits. IRAS05506-7053 looks extended or multiple. 

Att 25 /im detections seem a little more reliable than at 12 /tin, at a given flux density. 
Ratherr surprisingly, the detection limit at 25 /im is at least as faint as at 12 /im; sources with 
FF2255 ~ 0.02 Jy could be found (see also Reid et al. 1990). This is, however, only possible because 
thee positions of the stars are known. For SP77 3 0 - 6 and all eight (other) IRAS sources the 
PSCC lists only upper limits of F 2 5 < 0.25 Jy. SHV0502469-692418 and WrBP14 were the only 
sourcess that were (tentatively) detected at 12 //m but not at 25 /im. Their flux densities are 
probablyy below the limit of detection, F2s < 0.01 Jy, if their colours are rather blue. 

Att 60 /xm, IRAS05298-6957 is a bright, small but extended source about 10' in diameter, 

lrThee IRAS data base server of the Space Research Organisation of the Netherlands (SRON) and the Dutch 
Expertisee Centre for Astronomical Data Processing is funded by the Netherlands Organisation for Scientific 
Researchh (NWO). The IRAS data base server project was also partly funded through the Air Force Office of 
Scientificc Research, grants AFOSR 86-0140 and AFOSR 89-0320. 
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Tablee 73 Revised IRAS 12, 25,60 and 100 j*m photometry (in Jy), accompanied by a colon if questionable. 

Star r 
GRV0519-6700 0 
HV12070 0 
HV12501 1 
HV2360 0 
HV2379 9 
HV2446 6 
HV5870 0 
HV888 8 
HV916 6 
HV996 6 
IRAS04286-6937 7 
IRAS04374-6831 1 
IRAS04407-7000 0 
IRAS04496-6958 8 
IRAS04498-6842 2 
IRAS04509-6922 2 
IRAS04516-6902 2 
IRAS04530-6916 6 
IRAS04539-6821 1 
IRAS04545-7000 0 
IRAS04557-6753 3 
IRAS05003-6712 2 
1RAS05009-6616 6 
1RAS05112-6755 5 
IRAS05113-6739 9 
IRAS05128-6455 5 
IRAS05190-6748 8 
IRAS05289-6617 7 
IRAS05294-7104 4 
IRAS05295-712I I 
IRAS05298-6957 7 
IRAS05300-6651 1 
IRAS05329-6708 8 
IRAS05348-7024 4 
IRAS05360-6648 8 
IRAS05402-6956 6 
IRAS05506-7053 3 
IRAS05558-7000 0 
IRAS05568-6753 3 
SHV0454030-675031 1 
SHV0500193-681706 6 
SHV0500233-6829I4 4 
SHV0502469-692418 8 
SHV0521050-690415 5 
SHV0522023-701242 2 
SHV0522118-702517 7 
SHV0524565-694559 9 
SHV0526001-701142 2 
SHV0530323-702216 6 
SHV0535442-702433 3 
SP777 30 - 6 
TRM45 5 
TRM72 2 
TRM88 8 
WBP14 4 
WOHG64 4 
WOHH SG374 

F\2 F\2 
<0.06 6 

0.06 6 
0.23 3 
0.38 8 
0.05 5 
0.05 5 
0.30 0 
0.58 8 
0.44 4 
0.71 1 
0.28 8 
0.24 4 
0.76 6 
0.31 1 
1.33 3 
0.89 9 
0.86 6 
2.07 7 
0.22 2 
0.46 6 
0.24 4 
0.43 3 
0.28 8 
0.46 6 
0.25 5 
0.23 3 
0.39 9 
0.16 6 
0.69 9 
0.23 3 
0.85 5 
0.28 8 
0.74 4 
0.58 8 
0.21 1 
0.71 1 
0.28 8 
0.85 5 
0.35 5 

<0.03 3 
0.11 1 
0.10 0 
0.02 2 
0.06 6 

<0.10 0 
0.06 6 

<0.14 4 
0.07 7 

<0.04 4 
0.01 1 
0.26 6 
0.07 7 
0.22 2 
0.17 7 
0.01 1 
8.45 5 
0.37 7 

^ 2 5 5 

<0.02 2 
0.03 3 
0.06 6 
0.35 5 
0.02 2 
0.02 2 
0.17 7 
0.29 9 
0.23 3 
0.53 3 
0.20 0 
0.12 2 
0.76 6 
0.19 9 
0.89 9 
0.86 6 
0.55 5 
5.09 9 
0.12 2 
0.83 3 
0.14 4 
0.33 3 
0.14 4 
0.33 3 
0.14 4 
0.24 4 
0.25 5 
0.39 9 
0.56 6 
0.08 8 
1.38 8 
0.17 7 
1.23 3 
0.16 6 
0.09 9 
1.02 2 
0.16 6 
0.80 0 
0.43 3 

<0.03 3 
0.07 7 
0.03 3 

<0.03 3 
0.02: : 

<0.04 4 
0.05 5 

<0.07 7 
0.01: : 

<0.04 4 
0.07: : 
0.13 3 
0.07 7 
0.06 6 
0.04 4 

<0.03 3 
13.53 3 
0.38 8 

FeoFeo F100 
<0.1 1 

0.1: : 
<1.0 0 

0.4: : 
<0.8 8 
<0.2 2 
<5.0 0 
<4.0 0 
<2.0 0 
<0.5 5 
<0.1 1 

0.1: : 
0.1 1 
0.1 1 

<0.2 2 
<2.0 0 

0.4: : 
22.00 28.0 
0.1: : 

<0.5 5 
<0.3 3 

0.1: : 
<0.4 4 

0.7: : 
0.1: : 
0.1 1 
0.1: : 
0.3 3 

<3.0 0 
<0.3 3 
<3.0 0 

0.1: : 
0.2: : 

< l .0 0 
0.3: : 

<2.0 0 
<0.2 2 

0.2: : 
0.2 2 

<0.2 2 
<0.3 3 
<1.5 5 
<0.1 1 
<0.7 7 

0.4: : 
<2.2 2 
<1.0 0 

0.1: : 
0.4 4 

<1.0 0 
0.1: : 

<2.0 0 
<0.3 3 
<0.7 7 
<4.0 0 

2.2 2 
0.2: : 
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Figuree 7.1: A comparison of the estimates of IRAS flux densities given here and values from 
thee IRAS Point Source Catalogue and Schwering & Israel (1990), at 12 (solid symbols) and 25 
fimm (open symbols). 

withh F60 ~ 2 Jy. No point source could be distinguished on top of this emission, that is 
probablyy associated with the small cluster of which IRAS05298-6957 is a member (Chapter 
3).. Flux densities are listed for two dozen sources, but it is not sure how many among these 
aree real detections and how many are spurious. The only 60 fim detections in the PSC are 
IRAS04516-69022 9 Jy), 04530-6916 (20.51  1.85 Jy) and 05112-6755 (0.91 1 
Jy),, all consistent with our estimates. More stringent upper limits are put on the 60 fim flux 
densitiess of the other sources. 

Att 100 fim sources may be detected as faint as a few Jy. The only detection, however, is 
thee brightest far-IR source in our sample, IRAS04530-6916, which we measured at F10o = 28 
Jy.. This is consistent with the PSC upper limit of 46.17 Jy. 

Thee new flux density estimates can be compared with the literature values from the PSC 
orr Schwering & Israel (1990) (Fig. 7.1). On average, the new flux densities are only a few per 
centt fainter than the values from the literature. Flux densities F2 5^0.2 Jy may have been over
estimatedd in the past. HV12501 with F r e v /F l i t = 0.56 and 0.32 at 12 and 25 fim, respectively, 
andd IRAS05506-7053 with Frev/Fm = 0.67 and 0.42 at 12 and 25 fim, respectively, are the 
mostt extreme examples of this. Schwering & Israel (1990) over-estimated the 25 ^m flux 
densityy of TRM72 (FTev/F\it = 0.55), but under-estimated the 12 fim flux density of HV5870 
(Frev/Flitt = 2.00). The other two flux densities which are obviously under-estimated are for 
SP777 3 0 - 6 at 12 ^m (F r e v /F l i t = 1.53) and IRAS04286-6937 at 25 /jra (F r e v /F, i t = 1.67). 

IRASS counterparts not listed in IRAS-based catalogues may still be found in the original 
IRASS data. This is because manual extraction and measuring of the data is a more sophisticated 
techniquee than the automatic techniques that created the existing catalogues. In particular, 
manuall flux-density determination enables the background flux levels to be estimated and 
subtractedd better, yielding more reliable photometry. The only sources from our ISO sample 
thatt could not be detected in the IRAS data at either 12, 25 or 60 fim are GRV0519-6700. 
SHV0454030-6750311 and SHV0524565-694559. 
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7.44 ISO observations 

Thee programme stars were observed with ISO at 12, 25 and 60 /im (chopped measurements) 
andd with PHOT-S as part of a Guaranteed Time programme under proposals NTMCAGB1 
andd NTMCAGB2, and at 60 /im with mapping mode and CAM-CVF as part of an Open Time 
programmee under proposal LMCSPECT. 

Thee 12 /im photometry was mostly obtained using the ISOCAM instrument (Cesarsky et 
al.. 1996) in staring mode with a 3" pixel field of view in beam LW-s and using the LW10 filter 
(~~ IRAS 12 /im). We did 25 exposures of each 2.1 s duration, after a number of read-outs 
too stabilise the detector (ranging from 10 to 34 frames depending on the expected source flux 
density).. The gain was 2 in most cases, but 1 in the case of sources that were expected to be 
relativelyy bright: HV12501 and 996, IRAS04496-6958, 04545-7000, 05003-6712, 05112-6755, 
05348-70244 and 05568-6753, and WOH SG374. For most stars this resulted in a clear detection 
withh S/N ratios of 10 to 100. In total 44 sources were observed with ISOCAM at 12 /im. 

Forr sources that were expected to be stronger than 0.5 Jy and which would therefore sat
uratee the ISOCAM detectors with the LW10 filter, the 12 /im photometry was obtained with 
thee ISOPHOT instrument (Lemke et al. 1996) using the 11.5 filter (~ IRAS 12 /im). These 
observationss were done using triangular chopping with a chopper throw of 90". The aperture 
usedd for the observations was 52" in diameter. Integration times were 32 s on-source (and the 
samee off-source), except for IRAS05294-7104 that we integrated 64 s. A total of 13 sources 
weree observed in this mode. For 53 sources we obtained PHOT-P photometry at 25 /im us
ingg the 25 filter (~ IRAS 25 /im), triangular chopping with a chopper throw of 90", and an 
aperturee of 52". Integration times ranged from 32 to 256 s, depending on the expected flux 
density.. In our Guaranteed Time programme we finally observed 40 objects with ISOPHOT 
att 60 /im using the PHOT-C100 camera and filter 60 (~ IRAS 60 /im) and triangular chop
pingg with a 150" chopper throw. Integration times ranged from 32 to 128 s, depending on the 
expectedd flux density. Unfortunately due to the reduced in-orbit sensitivity of the instrument 
andd the problems with the calibration of the chopped measurements (especially for PHOT-C), 
wee discovered after most observations had already been carried out that this was not the best 
observingg strategy for the 60 //m photometry. Therefore, 7 objects were observed again in the 
Openn Time using PHOT-C100 and filter 60 in raster mapping mode, with 3 x 3 rasters and 
45"" raster steps in X and Y directions (spacecraft coordinates). The integration time per raster 
pointt was 128 seconds. 

Inn order to establish the carbon- or oxygen-rich nature of some of the programme stars 
wee also obtained IR spectra for a number of them. In the Guaranteed Time 15 objects were 
observedd using PHOT-S in staring mode, with integration times of 256 or 512 s (1024 s for 
HV2379)) depending on the expected flux densities. The advantage of this instrument is that 
itss spectral coverage is rather large (2 to 12 /im) at a reasonable resolution (~ 90). The 
sensitivityy of the PHOT-S instrument, however, limits the detectability to sources with 12 /im 
fluxflux densities above ~ 0.3 Jy. Furthermore, using staring observations the background cannot 
easilyy be determined. In this spectral region the diffuse emission is dominated by the zodiacal 
emission,, which, according to IRAS measurements, amounts to about ~ 0.1 Jy in the PHOT-S 
aperturee at 10 /xm. 

Consideringg this, we decided to obtain CAM-CVF spectra for 12 objects with a pixel field-
of-vieww of 6" in beam LW-1. We did 25 exposures of 2.1 s each at gain 2, after 50 read-outs 
too stabilise the detector. The unprecedented sensitivity of the ISOCAM instrument allows the 
observerr to obtain spectra even for sources as faint as 100 mJy at 12 /xm. Because of the long 
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durationn of a CVF observation, the spectral coverage chosen was only 7 to 9.2 //m (with step 
4)) in LW-CVF1 and 9 to 14.1 fim (with step 2) in LW-CVF2, at a spectral resolution of ~ 40. 
AA big advantage of the CAM-CVF is that the spectra are obtained using an imaging technique. 
Therefore,, a background spectrum was obtained simultaneously. These background spectra can 
bee used to correct the PHOT-S spectra. We also obtained observations of 3 objects for which 
PHOT-SS spectra had already been taken, in order to cross-check the results from the different 
instruments. . 

7.4,11 Near-IR photometry 

Near-IRR photometry was determined for each star at the time of the ISO observation, by inter
polatingg near-IR lightcurves from our monitoring campaign at the South African Astronomical 
Observatoryy (SAAO) at Sutherland, South Africa (Whitelock et al., in preparation). Nearly 
alwayss the lightcurve was sampled close in time to the ISO observation, but occasionally some 
extrapolationn was necessary. The quoted uncertainties include an estimate, for each star, of 
thee error introduced by the inter/extrapolation. For TRM45 and for the H-band magnitude 
off IRAS05360-6648 we have made use of the near-IR lightcurves and photometry presented 
byy Wood (1998), after transformation to the SAAO system using Carter (1990). The near-IR 
photometryy is listed in Table 7.4, along with the ISO photometry and the Julian Dates of the 
ISOO spectroscopy. 

Noo near-IR counterparts could be identified with IRAS05568-6753 and 05289-6617. Two 
starss with near-IR colours much like those of unobscured M-type stars were monitored in the 
near-IR,, but they show no variability. 

7.55 ISO results and comparison with IRAS photometry 

Thee data were reduced using the PHOT and CAM Interactive Analysis software packages: PIA 
(Gabriell et al. 1997) version V7.1.2(e) and CIA (Ott et al. 1996) version V3.0, respectively. 
Forr a general description of the data and reduction methods see the ISOPHOT Data Users 
Manuall (Laureijs et al. 1998), and the ISOCAM Observer's Manual (1994) and ISOCAM Data 
Userss Manual (Siebenmorgen et al. 1998). Details of the steps undertaken in reducing so-called 
Editedd Raw Data (ERD) products to the finally derived flux densities and spectra can be found 
inn Appendices C (photometry) and D (spectroscopy). The resulting ISO photometry is listed 
inn Table 7.4, and the ISO spectra are presented in Figs. 7.4 & 7.5. 

Thee flux densities at 12 and 25 //m for the stars that were detected both by IRAS and 
ISOO (Tables 7.3 & 7.4) are compared in Fig. 7.2. A bright regime where ISO and IRAS are 
consistentt can be distinguished from a faint regime where ISO flux densities are systematically 
lowerr than IRAS flux densities. CAM is consistent with IRAS down to fainter levels (~ 0.2 Jy) 
thann PHOT (~ 0.6 Jy). PHOT seems to under-estimate flux densities at levels between 0.2 and 
0.66 Jy by a factor ~two. Below 0.2 Jy, both CAM and PHOT yield flux densities ~ 0.6 x IRAS. 

Fluxx density under-estimation may be caused by the difficulty of the detectors to respond to 
loww signals. CAM 12 \x flux densities below ~ 0.2 Jy may have been under-estimated as the K-O 
methodd does not adequately correct for non-stabilised signals if stabilisation is not reached well 
withinn less than half the integration time. The 12 and 25 /j,m PHOT measurements, although 
employingg different detector materials, show exactly the same trend. The 12 (either CAM 
orr PHOT) and 25 /im observations were performed in the same orbit. Default responsivities 
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forr the 12 and 25 /im PHOT measurements were thought to be (much) lower in 1996 than 
inn the current calibrations. Adopting those early values, the ISOPHOT photometry would be 
consistentt with the IRAS photometry to a high degree. Subsequent revisions of the default 
responsivitiess have lead to higher values, approaching the values we obtain from the (chopped) 
FCSS measurements. The ratio of ISO and IRAS flux densities at 25 ^m is 0.60 6 for the 24 
sourcess with ISO measurements before orbit 190, and 0.68  0.09 for the 21 sources measured 
afterr orbit 190. These ratios are very similar, despite the large differences in median IRAS flux 
densityy between these two samples: 0.41 and 0.14 Jy, respectively. 

However,, the discrepancy between the ISO and IRAS data may not be as great as it appears 
iff we take plausible selection effects into account. The stars in our sample were largely selected 
onn the basis of their IRAS flux density, but many of them were only just detected by IRAS. 
Itt is therefore likely that they were near the maximum of their pulsation cycles at the time 
off the IRAS observation. In contrast, they will have been at random phases when the ISO 
observationss were made. This will lead to a systematic difference between the IRAS and ISO 
fluxflux densities for faint sources. A similar effect may explain the discrepancy between the PHOT 
andd CAM behaviour for sources with flux densities in the range 0.2 to 0.6 Jy, as the brighter 
sourcess were selected for measurement with PHOT and the fainter sources with CAM. Ground-
basedd 10 yum (N-band) magnitudes of a subset of our ISO targets were on average ~ 30% 
fainterr than measured by IRAS at 12 u.m (Chapter 3). Although we explained this in terms 
off differences between the N-band and IRAS 12 /mi filters, it may actually reflect the same 
discrepancyy seen between the ISO and IRAS photometry. Variability cannot be the complete 
explanation,, though: for instance, the sources IRAS04407-7000, 4516-6902 and 05003-6712 
weree all near the maxima in their K and L-band lightcurves at the time of the ISO photometry, 
yett their PHOT 25 pm flux densities of 0.584, 0.380 and 0.210 Jy, respectively, are still fainter 
thann the IRAS flux densities by factors of 0.77, 0.69 and 0.64, respectively. Interestingly, Reid 
ett al. (1990, their Figure 5) show that for F12 ,2s^0.3 Jy both the PSC and Schwering & Israel 
(1990)) over-estimate flux densities for point sources in the LMC by typically 20 to 50%. They 
attributee this to source confusion resulting from the large beam width and crowdedness in 
typicall LMC fields. 
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Figuree 7.3: Histogram of the distribution of ISO 60 (im flux densities (chopped measurements). 
Thee dotted vertical line indicates 3-cr flux density derived from the distribution of negative flux 
densities.. All flux densities over 1 Jy are piled up in the last bin. 

AA histogram of the distribution of ISO 60 /im flux densities (Fig. 7.3), leaving out the 
mappingg observations, illustrates the detection rate. Considering negative flux densities in
dicatingg non-detection, and assuming a Gaussian distribution around zero flux density for 
non-detections,, we estimate a 1-cr detection to have 0.103 Jy. There are 12 sources with flux 
densitiess exceeding 3-cr, i.e. probable detections. This does not take into the account the large 
errorss on some of the individual measurements, and a 3-cr detection may still turn out to be 
spuriouss (an example is WBP14). On the other hand, the distribution below 3-cr is certainly 
skewedd towards positive flux densities. Projecting the negative flux density distribution onto 
thee positive domain, we estimate that there are probably 17 more detections between 0 and 
3-cr,, and a total of 14 non-detections. 

Inn the IRAS 60 (im data we found 8 detections and 17 tentative detections (Table 7.3). 
Thee 0.1 Jy assigned to the faintest IRAS 60 //m flux densities compares well with the ISO \-o 
detectionn threshold of the chopped measurements. Of the 8 IRAS 60 \xm detections 6 have 
ISOO chopped measurements, all of which yield higher flux densities than IRAS — by a factor 
1.88 on average. This is in contrast to the 12 and 25 /im photometry, where ISO flux densities 
aree generally lower than those measured by IRAS. The 14 ISO chopped measurements of IRAS 
tentativee detections also yield higher flux densities than did IRAS — by a factor of 1.5 on 
average,, although some individual ISO measurements are fainter than the IRAS ones. None 
off these ISO measurements is negative, indicating that many of the IRAS 60 /v,m tentative 
detectionss are indeed real. 

Thee 7 mapping observations all agree with the chopped measurements within 2-CT, although 
thesee errors can be large. There is no tendency for one of these two methods to yield higher 
fluxflux densities than the other. As we do not expect strong variability at 60 /*m, which traces 
cooll dust some distance from the stars, flux densities from mapping and chopped measurements 
aree averaged. The error estimates of the mapping measurements are systematically larger than 
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thosee of the chopped measurements. This may be due to the fact that, for the mapping data, 
thee flux density of the star was determined from the inner 3 x 3 pixels. The contribution of the 
backgroundd to these 9 pixels is considerable. Also, the reliability of the error estimate for the 
centrall pixel in the chopped data as produced by PI A is unknown. There is great difficulty in 
extractingg reliable photometry and associated errors from either mapping or chopped measure
mentss at 60 /xm, for stellar sources in fields like the LMC. This is mainly due to the complex 
backgroundd and limited spatial resolution of PHOT at these wavelengths. IRAS05289-6617 
hass a very smooth background, being situated in the line-of-sight to the supergiant shell LMC4 
(Meaburnn 1980). Indeed, ISO mapping and chopped measurements are relatively precise for 
thiss source, and agree nicely with the 60 /xm flux density measured from the IRAS data. 

7.66 Discussion 

7.6.11 Chemical types from ISO spectroscopy 

Thee presence or absence in the ISO spectra (Figs. 7.4 & 7.5) of discrete dust emission and 
molecularr absorption bands can be used to distinguish between carbon- and oxygen-rich cir-
cumstellarr envelopes (e.g. Merrill & Stein 1976a,b,c). The results are summarised in Table 
7.5. . 

Amorphouss oxygen-rich dust may give rise to strong and broad silicate emission between 
~~ 8 and 13 /xm, peaking at ~ 9.7/xm (the exact location may differ from this by a few tenths 
off urn). The late-M stars HV2446, 888, 996, and SP77 30-6 have prominent silicate emis
sion.. In optically thick cases the silicate feature turns into absorption. All spectra of OH 
masermaser sources show the silicate feature in self-absorption: IRAS04545-7000, 05298-6957, 
05329-6708,, 05402-6956, and WOH G64. 

Oxygen-richh molecules do not provide clear diagnostics of the chemical type of CSEs at our 
signal-to-noisee and spectral resolution. We already mentioned that shallow absorption around 
33 /xm in oxygen-rich sources is most likely due to an artifact in the responsivities, rather than 
H200 ice. 

Crystallinee carbon-rich dust sometimes gives rise to a SiC (graphite) emission feature peak
ingg at ~ 11.3/xm, and narrower than the silicate feature. The CVF spectrum of IRAS05289-6617 
(Fig.. 7.4) shows the best example of this. 

Carbon-richh molecules have several strong absorption bands in our spectral region, all from 
HCNN and C2H2. The strongest is at 3.1 /xm, but the problem with the responsivities limits the 
numberr of unambiguous detections to one (IRAS04496-6958). Related, but weaker, absorption 
iss visible at 3.8 //in. More absorption bands are located around 5, 8 and 14 /xm. Unfortunately, 
thee 5 /xm band falls entirely in the blind spectral region of PHOT-S. The 8 and 14 /tm bands 
aree at the edges of the CVF spectra and hence difficult to identify. 

Somee other spectra show merely a featureless dust continuum around 10 /xm. Best examples 
aree the CVF spectrum of SHV0500193-681706 and the PHOT-S spectrum of IRAS05568-6753. 
Thesee spectra suggest pure amorphous carbon dust emission. 
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Figuree 7.4: The CAM-CVF spectra of obscured AGB stars in the LMC. Open symbols represent 
spectro-photometricc points that are prone to have flux densities that are over-estimated due to 
stabilisationn difficulties. The spectral shape is best represented by the solid symbols (squares for 
thee short-, disks for the long-wavelength region). Emission and/or absorption centred at ~ 9.7 
fimfim is indicative of oxygen-rich dust (e.g. IRAS05402-6956 and SP77 30-6). whereas carbon-
richh dust may show emission at ~ 11.3 /im (e.g. IRAS05289-6617). A featureless continuum 
aroundd 10 /xm also strongly suggests carbon-rich dust (e.g. SHV0500193-681706). 
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Figuree 7.5: The PHOT-S spectra of obscured AGB stars (and RSGs) in the LMC. 
Emissionn and/or absorption centred at ~ 9.7 jLtm suggests oxygen-rich dust (e.g. HV888 
andd IRAS04545-7000). Absorption at 3 /urn is seen in carbon star photospheres (e.g. 
IRAS04496-6958),, but artifacts in the PHOT-S responsivities also mimic weak depression 
att 3 ^m in the spectra of unambiguous oxygen-rich stars (e.g. IRAS04545-7000). 
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Figuree 7.5: (continued). 

7.6.22 IR colour-colour diagrams 

Thee ISO 12, 25 and 60 fim filters are similar but not identical to the IRAS filters. As the 
zero-pointss of these ISO filters are unknown, we adopt here the IRAS zero-points. This results 
inn the following definitions for the (not colour-corrected) mid-IR magnitudes 

[12]=-2.51og(F12/28.3) ) (7.1) ) 

[25]=-2.51og(F25/6.73) ) 

[60]== -2.51og(FM/1.19) 

(7.2) ) 

(7.3) ) 
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Tablee 7.5: Chemical types. Optical spectra (Opt Sp) include objective prism and CCD spec
troscopyy up to ~ ljxm. ISO spectroscopy (ISO Sp) comprises PHOT-S and CAM-CVF obser
vations.. IR colour-colour diagrams (IR col) can in some cases be reasonably conclusive too: we 
herehere use (K - [12]) and ([12] - [25]) versus {K - L) diagrams. At radio wavelengths, OH, SiO 
and/orr H20 maser emission is detected from some oxygen-rich sources. 

Star r 
GRV0519-6700 0 
HV12070 0 
HV12501 1 
HV2360 0 
HV2379 9 
HV2446 6 
HV5870 0 
HV888 8 
HV916 6 
HV996 6 
IRAS04286-6937 7 
IRAS04374-6831 1 
IRAS04407-7000 0 
IRAS04496-6958 8 
IRAS04498-6842 2 
IRAS04509-6922 2 
IRAS04516-6902 2 
IRAS04530-6916 6 
IRAS04539-6821 1 
IRAS04545-7000 0 
IRAS04557-6753 3 
IRAS05003-6712 2 
IRAS05009-6616 6 
IRAS05112-6755 5 
IRAS05113-6739 9 
IRAS05128-6455 5 
IRAS05190-6748 8 
IRAS05289-6617 7 
IRAS05294-7104 4 
IRAS05295-7121 1 
IRAS05298-6957 7 
IRAS05300-6651 1 
IRAS05329-6708 8 
IRAS05348-7024 4 
IRAS05360-6648 8 
IRAS05402-6956 6 
IRAS05506-7053 3 
IRAS05558-7000 0 
IRAS05568-6753 3 

Optt Sp 
C C 
MS3/9 9 
Ml.5 5 
M2Ia a 
C C 
M5e e 
M4.5/5 5 
M4Ia a 
M3Iab b 
M4Iab b 

C C 

M10 0 
M9 9 

ISOSp p 

oxygen? ? 

SiC? ? 
silicate e 

silicate e 

silicate e 

SiC? ? 

car+sil? ? 

silicate e 

silicate? ? 

carbon? ? 

carbon? ? 
carbon? ? 
SiC C 

silicate e 

silicate e 
SiC C 

silicate e 

silicate e 
carbon? ? 

IRcol l 
carbon? ? 
? ? 

oxygen n 
oxygen n 
carbon n 
oxygen n 
oxygen n 
oxygen n 
oxygen n 
oxygen n 
carbon n 
carbon n 
oxygen n 
carbon n 
oxygen n 
oxygen n 
oxygen n 
oxygen n 
carbon n 
oxygen n 
carbon n 
oxygen n 
carbon n 
carbon n 
carbon n 
carbon n 
carbon n 
? ? 

oxygen n 
carbon n 
oxygen n 
carbon n 
oxygen n 
carbon n 
carbon n 
oxygen n 
oxygen n 
oxygen n 
? ? 

Maser r 

yes s 

yes s 

yes s 

yes s 

yes s 
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Tablee 7.5: (continued). 
Star r 
SHV0454030--
SHV0500193--
SHV0500233--
SHV0502469--
SHV0521050--
SHV0522023--
SHV0522118--
SHV0524565--
SHV0526001--
SHV0530323--
SHV0535442--
SP777 30-6 
TRM45 5 
TRM72 2 
TRM88 8 
WBP14 4 
WOHH G64 
WOHH SG374 

-675031 1 
-681706 6 
-682914 4 
-692418 8 
-690415 5 
-701242 2 
-702517 7 
-694559 9 
-701142 2 
-702216 6 
-702433 3 

Optt Sp 
C C 

C C 
C C 
M3 3 
S? ? 
MS5 5 
C C 
M6 6 
C C 
M8 8 

C C 
C C 

c c 
M7.5 5 
M6 6 

ISOSp p 

carbon n 
SiC? ? 

silicate e 

silicate e 

IRcol l 
carbon n 
carbon n 
carbon n 
carbon? ? 
carbon n 
? ? 

carbon n 
? ? 

carbon n 
oxygen n 
? ? 

oxygen n 
carbon n 
carbon n 
carbon n 
carbon n 
oxygen n 
oxygen n 

Diagramm of (K - [12]) versus [H - K) 

Thee (K - [12]) versus (H - K) colour-colour diagram separates carbon- from oxygen-rich stars 
inn samples of obscured stars in the MCs (Paper II & Chapter 3). Indeed, the distributions 
off carbon- and oxygen-rich stars using ISO and SAAO photometry define clear sequences in 
thiss diagram (Fig. 7.6). The sequences are fit by eye, with the carbon sequence the same as in 
Chapterr 3: 

{H-K)={H-K)=  0.36 x(K- [12]) (7.4) 

butt the oxygen sequence a simple, yet somewhat steeper function than in Chapter 3: 

(H(H - K) = 0.3 + 0.0003 x (K - [12])5 (7.5) 

Althoughh the stars with spectral type M follow the oxygen sequence very well, the carbon 
starss show a large scatter around the carbon sequence with several carbon stars on or beyond 
thee region populated by M stars, at small (H - K) but large {K - [12]) magnitudes. This 
scatterr contrasts with the tight carbon sequence that is observed in the Milky Way (Fig. 3.3). 
Wee suspect that this is in part caused by the severe crowding in some LMC fields, affecting 
thee near-IR aperture photometry. Differences in the strength of absorption in the H-band by 
carbonaceouss molecules may cause additional scatter among carbon stars (Bessell &  Wood 
1983;; Catchpole & Whitelock 1985). 

Diagramm of {K - [12]) versus (K - L) 

Thee (K - [12]) versus (K - L) colour-colour diagram shows much less scatter around well-
definedd carbon and oxygen sequences (Fig. 7.7). This makes it a much more powerful diagnostic 
diagramm than the (K - [12]) versus (H - K) diagram in typifying the chemical composition 
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Figuree 7.6: (K - [12]) versus (H - K) diagram. Stars are distinguished by their chemical 
typess inferred from spectroscopic methods: carbon stars (solid disks), M stars (open disks), 
MSS stars (open squares), S stars (open triangles), and stars of which the chemical type is a 
priorii unknown (crosses). Carbon stars and oxygen stars define sequences in this diagram, 
indicatedd by a dotted and solid curve, respectively. 

off the circumstellar dust. Noguchi et al. (1991a) introduced a very similar diagnostic using 
(L(L - [12]) and (K - L) colours. We note, however, that some of the peculiar stars in our 
(K(K - [12]) versus (H - K) diagram were too blue and hence too faint to be detected in the 
L-band.. Still, the tight sequences prove that both the SAAO and ISO photometry are of good 
qualityy when comparing individual stars. We fit (by eye) a linear carbon sequence: 

(K-L)(K-L) = - x (K [12]) ) 
2 2 

Ï Ï Ï 
(7.6) ) 
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Figuree 7.7: (K - [12]) versus (K - L) diagram. Symbols as in Fig. 7.6. 

(7.7) ) 

andd a superposition of even polynomials for the oxygen sequence: 

(K(K - L) = 0.35 + 0.007 x (K - [12])2 + 0.0014 x (K - [12])4 

Diagramm of ([12] - [25]) versus (K - L) 

Anotherr colour-colour diagram that separates carbon- from oxygen-rich sources is the ([12] -
[25])) versus (K - L) diagram (Fig. 7.8). The confirmed oxygen-rich sources show a linear 
relationshipp between the ([12] —[25]) and (K-L) colours, possibly flattening out at (K-L) > 1.5 
mag.. The LMC stars generally follow the separation determined for galactic stars (dotted line 
inn Fig. 7.8, taken from Epchtein et al. 1987). 
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Figuree 7.8: ([12] - [25]) versus {K - L) diagram. Symbols are as in Fig. 7.6. Oxygen-rich 
sourcess and carbon stars occupy distinct areas in this diagram. The dividing line (dotted) 
betweenn stars with carbon- and oxygen-rich dust is taken from Epchtein et al. 1987. 

Diagramm of ([25] - [60]) versus ([12] - [25]) 

Thee aim of obtaining 60 u.m flux densities for stars in the LMC is mainly to probe the coolest 
circumstellarr dust. The 60 /im flux density is expected to increase as prolonged mass loss first 
extendss the CSE and again as reduced mass loss results in a detached shell. This evolution 
mightt be seen in ([25] - [60]) versus ([12] - [25]) diagrams (Fig. 7.9, see also van der Veen & 
Habingg 1988). Unfortunately, the accuracy of the ISO photometry at 60 ^m is not very high 
forr most of these LMC sources, and the diagram contains a lot of scatter. 

Perhapss the most obvious thing to learn from this diagram is that carbon stars tend to 
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Figuree 7.9: ([25] - [60]) versus ([12] - [25]) diagram. Symbols are as in Fig. 7.6. Carbon stars 
aree not well separated from oxygen-rich sources, although carbon stars seem to be relatively 
brightt at 60 fim. 

bee relatively bright at 60 /an, yielding ([25] - [60]) ~ 1.5 to 3 mag. Although oxygen-rich 
sourcess can have similar colours, there are many oxygen-rich sources with ([25] - [60] j < 2 and 
([12]] - [25]) > 0.6 mag, colours not seen for any carbon star in our sample. This is similar to 
thee findings of van der Veen & Habing (1988), but our LMC sources have bluer ([12] - [25]) and 
redderr ([25] - [60]) colours than do their Milky Way sources. However, the LMC ([12] - [25]) 
colourss do not differ much from those discussed by Le Bertre et al. (1994). 
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7.6.33 Comments on particular  objects 

GRV0519-6700 0 

Thee referee Dr. Peter Wood conveys that an optical spectrum of GRV0519-6700 shows it to 
bee a carbon star, in good agreement with its IR colours of {H - K) = 0.7 and (K - [12]) = 1.0 
mag. . 

HV12070 0 

Thee CVF spectrum of HV12070 shows only a hint of the silicate feature, whilst the IR colours 
cannott distinguish between oxygen- and carbon-rich dust of the optically thin CSE of this 
MS-typee star. 

HV2379 9 

Thee PHOT-S spectrum of HV2379 suggests SiC emission, but its CVF spectrum does not. This 
mayy be a result of changes in the properties of the CSE or the dust. Its IR colours leave no 
doubtt about the carbon-rich nature of the dust. 

HV2446,, 888, 996, and SP77 30 -6 

Thesee late-M stars all have prominent silicate emission and IR colours that unambiguously 

indicatee oxygen-rich dust. 

IRAS04286-6937,, 04539-6821, 04557-6753, 05009-6616, 05113-6739, 
05295-7121,, 05300-6651, 05360-6648, and TRM4 5 and 72 

Thee position of these objects in the (K - [12]) versus (H - K) or {K - L) colour-colour 
diagramss does not clarify the chemical composition of their CSEs. The ([12] - [25]) versus 
(K(K - L) diagram, however, unambiguously indicates that the dust around these stars is carbon 
rich.. The IR colours of IRAS05113-6739 at the three ISO epochs for this star all lie along 
thee carbon sequences in the (K - [12]) versus {H - K) and {K - L) diagrams. Ground-based 
L-bandd spectra of IRAS05009-6616 and 05300-6651 show the 3.1 fun absorption feature due 
too HCN and C2H2 molecules, indicating carbon-rich photospheres (Chapter 4). 

IRAS04374-6831 1 

Thee position of IRAS04374-6831 in the ([12] - [25]) versus (K - L) diagram indicates carbon-
richh dust. Its PHOT-S spectrum, which does not clearly reveal the chemical composition of the 
dustt by itself, is then marginally consistent with SiC emission. 

IRAS04496-6958 8 

IRAS04496-69588 shows strong absorption by carbonaceous molecules at 3.1 /mi, already known 
fromm ground-based L-band spectroscopy (Chapter 4). Related, but weaker, absorption is visible 
att 3.8 urn, and possibly around 8 /xm. Surprisingly, this carbon star has silicate emission too, 
indicatingg the presence of oxygen-rich dust (see Chapter 8). Its IR colours indicate carbon-rich 
dust,, hence the oxygen-rich dust is only a minor component. 
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IRAS04530-6916 6 

Withh (K - L) = 2.13, (K - [12]) = 6.9 and ([12] - [25]) = 2.3 mag, the IR colours of 
IRAS04530-69166 imply that the dust around this very luminous and red object must be oxygen 
rich. . 

IRAS04545-7000,, 05298-6957, 05329-6708, 05402-6956, and WOH G64 

Thesee OH maser sources all show the silicate feature in self-absorption, and also their IR colours 
clearlyy indicate oxygen-rich dust. 

IRAS05003-6712 2 

Thee IR colours of IRAS05003-6712 unambiguously classify the dust as oxygen rich. The 
PHOT-SS spectrum shows a hint of the silicate feature. A ground-based L-band spectrum of 
thiss star shows a featureless continuum around 3.1 /xm, indicating an oxygen-rich photosphere 
(Chapterr 4). 

IRAS05112-6755 5 

Thee dust around IRAS05112-6755 is classified as carbon rich on the basis of the position in 
thee ([12] - [25]) versus (K - L) diagram. There is a hint of 8 /an absorption in the PHOT-
SS spectrum of IRAS05112-6755. A ground-based L-band spectrum of this object shows the 
strongg absorption at 3.1 fxm found in carbon-rich stellar photospheres (Chapter 4). 

IRAS05128-64555 and 05190-6748 

Thee absence of clear indications for the presence of the silicate feature in the PHOT-S spectra 
off these stars suggest that their dust may be carbon rich, which is also indicated bv their 
([12]] - [25]) and (K - L) colours. 

IRAS05289-6617 7 

Thee CVF spectrum of IRAS05289-6617 shows prominent SiC emission. Hence it is probably 
aa mass-losing carbon-rich AGB star in the LMC rather than a foreground object. We have not 
yetyet identified its near-IR counterpart. 

IRAS05348-7024 4 

Thee CVF spectrum of IRAS05348-7024 shows weak SiC emission. The carbon-rich nature of 
thee dust around this object is also indicated by its position in the ([12] - [25]) versus (K - L) 
diagram. . 

IRAS05506-7053 3 

IRAS05506-70533 is the only star in our sample that could not be detected at 12 /zm. Assuming 
aa 12 fxm flux density < 0.03 Jy, the (K - [12]) colour would be < 6.2 mag and probably 
([12]] - [25]) > 1.5 mag. At (K - L) = 3.3 mag, this suggests an oxygen-rich CSE. 
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IRAS05558-7000 0 

Thee CVF spectrum of IRAS05558-7000 is similar to the CVF spectra of IRAS05298-6957 
andd 05402-6956, showing silicate emission that is becoming optically thick at 10 /an. The IR 
colourss of IRAS05558-7000 unambiguously imply that the dust is oxygen-rich. 

IRAS05568-6753 3 

Thee PHOT-S spectrum of IRAS05568-6753 shows a featureless dust continuum around 10 j/m, 
suggestingg pure amorphous carbon dust emission. The near-IR counterpart of this object has 
yett to be identified. 

SHV0500193-681706 6 

Thee CVF spectrum of SHV0500193-681706 shows a featureless dust continuum around 10 
/jm,, suggesting pure amorphous carbon dust emission. The carbon-rich nature of the dust is 
confirmedd by the position in the (K - [12]) versus (K - L) diagram. Inaccuracy of its 25 nm 
fluxflux density causes the rather odd position among the oxygen-rich stars in the ([12] - [25]) 
versuss (K - L) diagram. 

SHV0500233-682914 4 

Thee CVF spectrum of SHV0500233-682914 shows a hint of SiC emission, and also its IR 
colourss clearly indicate that the dust around this star is carbon rich. 

SHV0502469-692418,, 0522023-701242 and 0524565-694559 

Thee carbon star SHV0502469-692418, the M-type star SHV0522023-701242 and the MS-type 
starr SHV0524565-694559 are surrounded by an optically thin CSE and hence it is difficult to 
classifyy the chemical type of their dust from IR colour-colour diagrams. 

SHV0522118-702517 7 

SHV0522118-7025177 was tentatively classified an S-type star by Hughes &  Wood (1990). Its 
IRR colours are clearly similar to those of carbon stars. This suggests that carbon-rich dust 
dominatess the absorption and emission characteristics of the CSE despite the under-abundance 
off carbon atoms in its photosphere. Noguchi et al. (1991b) show that the IR colours of the CSE 
indicatee oxygen-rich dust in case of an MS-type star. Also, CS stars show 3 /zm absorption from 
HCNN and C2H2 molecules, whereas SC stars do not (Catchpole & Whitelock 1985; Noguchi k 
Akibaa 1986). This suggests that carbon chemistry is dominant in CS stars, but not in SC stars. 
Thus,, we identify SHV0522118-702517 with a CS star. Dust-enshrouded S stars — including 
MSS and CS stars — that have (K - L) > 1 mag are very rare in the Milky Way, and none 
aree known with (K - L) > 2 mag (Noguchi et al. 1991b). Hence, with (K - L) = 1.3 mag, 
SHV0522118-7025177 is among the most obscured S stars known. 

SHV0530323-702216 6 

Thee late-M type star SHV0535442- 702433 has ([12] - [25]) = 1.56 mag. Its near-IR colours 
aree rather blue and {K - L) is not expected to be larger than unity. Hence the position of this 
objectt in the ([12] - [25]) versus (K - L) diagram suggests that the dust is oxygen rich. 
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SHH V0535442 - 702433 

Thee carbon star SHV0535442-702433 is surrounded by an optically thin CSE, and hence the 
IRR colours are difficult to use for classifying the chemical type of the dust. The location among 
oxygen-richh stars in the ([12] -[25]) versus (K-L) diagram is caused entirely by the inaccuracy 
off its 25 ^m flux density yielding a spuriously red ([12] - [25]) ~ 3 mag. 

7.77 Conclusions 

ISOO spectroscopy is used to determine the chemical type of the dust around obscured cool 
evolvedd stars in the LMC. ISO photometry at 12, 25 and 60 /jm is presented, together with 
quasi-simultaneouss near-IR photometry from the ground (SAAO). The accuracy and sensitivity 
off the ISOPHOT photometry is not much better than can be achieved from properly treated 
IRASS data. The ISOCAM photometry is much more reliable because it is based on imaging, and 
ann order of magnitude more sensitive than was IRAS. Colour-colour diagrams prove that relative 
photometryy is reliable. A combination of (K - [12]) and ([12] - [25]) versus (K - L) diagrams 
providee a reliable way of distinguishing between carbon- and oxygen-rich dust, provided the 
CSEE has sufficient optical depth. The combination of ISO spectra and photometry enabled us 
too securely classify the chemical type of the dust around nearly all stars in our sample. This was 
previouslyy known for only a minority of the stars. Surprisingly, the (K - [12]) versus {H - K) 
diagnosticc diagram contains a lot of scatter especially among carbon stars. 

Manyy of the obscured AGB stars in our sample are carbon stars: 46% amongst the LMC 
starss that were detected by IRAS (Table 7.1). M stars were always found to be surrounded 
byy oxygen-rich dust. In particular, all detected OH maser sources show self-absorbed silicate 
emission.. As in the Milky Way, the fact that no M star with carbon-rich dust has ever been 
foundd suggests that HBB cannot efficiently turn carbon stars back into oxygen-rich stars. The 
dustt around the dust-enshrouded S star SHV0522118-702517 has the characteristics of carbon-
richh material, suggesting it is actually a CS star. Surprisingly, the dust around the carbon star 
IRAS04496-69588 has a (minor) oxygen-rich component (Chapter 8). 
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IRAS04496-6958::  A luminous carbon 
starr  wit h silicate dust in the Large 
Magellanicc Cloud 

NormanNorman R. Trams, Jacco Th. van Loon, Albert A. Zijlstra, Cecile Loup, M.A.T. Groenewe-
gen,gen, L.B.F.M. Waters, Patricia A. Whitelock, J.A.D.L. Blommaert, Ralf Siebenmorgen, Astrid 
Heske,Heske, 1999, A&A 344, L17 

Wee describe ISO observations of the obscured Asymptotic Giant Branch (AGB) star IRAS04496 
-69588 in the Large Magellanic Cloud (LMC). This star has been classified as a carbon star. 
Ourr new ISOCAM CVF spectra show that it is the first carbon star with silicate dust known 
outsidee of the Milky Way. The existence of this object, and the fact that it is one of the highest 
luminosityy AGB stars in the LMC, provide important information for theoretical models of 
AGBB evolution and understanding the origin of silicate carbon stars. 

8.11 Introductio n 
Asymptoticc Giant Branch (AGB) carbon stars are produced following 3 r d dredge-up in ther
mallyy pulsing stars (e.g. Iben & Renzini 1983). The star changes from oxygen- to carbon-rich 
whenn sufficient carbon has been mixed-in with the stellar mantle to yield an abundance ratio 
C /0>> 1. The chemistry of the dust in the circumstellar envelope (CSE) changes accordingly. 
Thee change occurs at smaller core-mass — or lower luminosity — for lower metallicity stars. 
Clearr evidence for this comes from observations of clusters in the Large Magellanic Cloud 
(LMC)) that contain both carbon and M-type stars (Lloyd Evans 1984; Marigo et al. 1996). 

Surprisingly,, silicate emission from oxygen-rich dust was discovered in the IRAS Low Reso
lutionn Spectra of several galactic carbon stars (Little-Marenin 1986; Willems & de Jong 1986). 
Willemss k de Jong interpreted these "silicate carbon stars" as direct evidence for a fast transi
tionn of M-type AGB stars into carbon stars, but timescales of decades for the silicate emission 
fromm an expanding detached oxygen-rich CSE to fade away are difficult to reconcile with the 
lifetimess of silicate carbon stars (Little-Marenin et al. 1987; Le Bertre et al. 1990). Hence the 
oxygen-richh material must be stored in a stationary component. Many galactic silicate carbon 
starss are 13C-enhanced, J-type, carbon stars (Lambert et al. 1990). Unlike genuine, N-type, 
carbonn stars that form on the AGB, J-type carbon stars are thought to have become carbon-
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Tablee 8.1 ISO 12, 25 and 60 pm photometry (in Jy) of IRAS04496-6958. The near-IR magnitudes are deduced from light-curves obtained at 
SAAOO (JD - 2,450, 000 = orbit + 38), and are on the SAAO photometric system (Carter 1990). Values between parentheses are \-o errors. 

JDJD J[mag] H[mag] K[mag) L[mag] Fi2(C\M) F25(PHOT) FwKchop) fe0(map) Spectrum 
1955 13.00(005) 10.90(0.05) 9.50(0.04) 7.70(0.04) 0.269(0.002) 0.126(0.010) 0.252(0.154) PHOT 
6055 12.40(0.05) 10.40(0.05) 8.95(0.05) 7.60(0.05) CAM (A) 
9055 12.90(0.10) 11.00(0.10) 9.40(0.05) 7 80(0.05) 0 223(0 123) CAM(B) 

enrichedd as a result of binary evolution. The presence of a mass-losing oxygen-rich companion 
starr has been ruled out observationally for a number of galactic silicate carbon stars (Noguchi 
ett al. 1990; Engels & Leinert 1994). The presently most supported explanation for the sili
catee carbon star phenomenon is that of a keplerian disk of oxygen-rich material, surrounding 
aa binary including a faint companion (Lloyd Evans 1990). The oxygen-rich dust may originate 
fromm mass loss at a time when the carbon star was still oxygen rich (Lloyd Evans 1990). 

Thee dust-enshrouded AGB star IRAS04496-6958 was recently discovered to be a luminous 
carbonn star in the LMC by van Loon et al. (1998a, 1999: Chapters 3 & 4) on the basis of ground-
basedd (CTIO) 3 //m spectroscopy, after having been selected and confirmed to be an AGB star 
byy Loup et al. (1997) and Zijlstra et al. (1996), respectively. The carbon star nature of this 
objectt has been confirmed by Groenewegen k Blommaert (1998) using optical spectroscopy. 
Att Mbol = -6.8 mag it is the brightest known magellanic carbon star and very close to the 
maximumm AGB luminosity (Mbol ~ -7 mag). We here present compelling evidence for the 
presencee of oxygen-rich dust close to this remarkable carbon star, making it the first known 
extra-galacticc silicate carbon star. 

8.22 ISO observations 

Thee spectral energy distribution (SED) of this object peaks in the infrared. Therefore in order 
too properly model the spectrum we obtained photometric and spectro-photometric observations 
withh the European Infrared Space Observatory (ISO, see Kessler et al. 1996), using the ISOCAM 
(Cesarskyy et al. 1996) and ISOPHOT (Lemke et al. 1996) instruments. 

Thee photometric observations at 12 /urn (using ISOCAM filter LW10) and 25 fim (using 
ISOPHOT)) were obtained on April 22, 1996. The 12 /im observation was done using 3" pixels, 
andd a total on-source integration time of 50 s split in 25 two-s integration intervals. The 25 /un 
ISOPHOTT observation was done using the P2 detector, a 52" aperture, and triangular chopping 
withh a chopper throw of 90". The on-source integration time was 64 s. The 60 fim photometry 
wass obtained using the PHOT-C100 detector using two different methods. One observation 
(Aprill 22, 1996) was done using chopping mode with triangular chops and a chopping angle of 
150"" and an on-source integration time of 64 s. Another observation (April 1, 1998) was done 
withh a 3 x 3 raster map with 46" raster steps and an integration time per pointing of 128 s, 
givingg an effective on-source integration time of ~ 1100 s. 

Spectro-photometricc observations of the source were obtained with ISOPHOT-S and the 
ISOCAMM CVF. The PHOT-S spectrum (April 22, 1996) was done in staring mode with an 
on-sourcee integration time of 512 s. Two ISOCAM CVF spectra were obtained. The first 
ISOCAMM spectrum (June 5, 1997, hereafter "spectrum A") spans the wavelength range from 
77 to 14 /mi, the second (April 1, 1998, hereafter "spectrum B") from 5 to 17 /im. The 6" pixel 
fieldd of view was used, with an integration time per spectral point of 50 and 70 s, respectively. 

Thee data was processed using standard processing routines in the PHOT Interactive Anal-
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Figuree 8.1: IR spectra of IRAS04496-6958. The ISOPHOT spectrum is plotted with errorbars. 
Thee ISOCAM spectra A and B are plotted using open and solid circles, respectively. A 3 /xm 
spectrumm taken at CTIO on December 24, 1996 (Chapter 4) is overplotted as a solid curve, 
afterr scaling to the PHOT-S continuum level. 

ysiss (PIA1) and CAM Interactive Analysis (CIA2) software. The CAM-CVF spectra were 
constructedd using a 3 x 3 pixel2 software aperture and applying a correction for the wave
lengthh dependence of the point spread function. We corrected the PHOT-S spectrum for the 
backgroundd as derived from the CAM-CVF data, accounting for the annual modulation of the 
zodiacall light using COBE/DIRBE weekly all-sky maps (see also Trams et al. 1999). The 
photometricc observations are listed in Table 8.1. The ISO observations are supplemented with 
ground-basedd J, H, K and L-band observations made at the South African Astronomical Ob
servatoryy (SAAO), interpolated to the same epochs as the various ISO observations. 

Thee spectra are presented in Fig. 8.1. Also plotted is a spectrum around 3 /xm obtained 
att CTIO (Chapter 4), after scaling to match the approximate continuum level in the PHOT-
SS spectrum. We believe that the PHOT-S spectrum longward of - 6 jum has been under
estimated,, and possibly distorted, due to difficulties in determining the stabilised signal at such 
loww flux density levels. 

8.33 Discussion 

8.3.11 Properties of the circumstellar dust of IRAS04496-6958 

Thee PHOT-S and CTIO spectra show the strong 3 fj,m feature from HCN and C2H2 (Fig. 
8.1),, but the long wavelength part of the PHOT-S spectrum is rather noisy. The CAM-CVF 
spectra,, however, show a prominent emission feature between 9 and 12 /im with a small dip 

ii piA is a joint developement by the ESA Astrophysics Division and the ISOPHOT consortium led by the 
Maxx Planck Institute for Astronomy (MPIA), Heidelberg. Contributing ISOPHOT Consortium Institutes are 
DIAS.. RAL, AIP, MPIK and MPIA. 

2CIAA is a joint developement by the ESA Astrophysics Division and the ISOCAM consortium led by the 
ISOCAMM PI. C. Cesarsky, Direction des Sciences de la Materie, CE.A., France. 
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Figuree 8.2: The CAM-CVF spectra of IRAS04496-6958 compared to the SWS spectrum 
(-=-200)) of the silicate carbon star V778 Cyg (Yamamura et al. 1997) and the UKIRT spec
trumm (H-4000) of the carbon star AFGL2368 (Speck et al. 1997). 

nearr 11 ; i m . For comparison we also plot in Fig. 8.2 the ISO SWS spectrum (^-200) of the 
galacticc silicate carbon star V778 Cyg, taken from Yamamura et al. (1997), which shows strong 
silicatee emission from oxygen-rich dust around 10 ;im. The feature in IRAS04496-6958 ex
tendss to longer wavelengths than in V778 Cyg, and closely resembles that of another galactic 
silicatee carbon star, CS1003 (Hen 83, IRAS08002-3803; see Little-Marenin 1986 and Willems 
&& de Jong 1986). We also plot in Fig. 8.2 the ground-based UKIRT spectrum (H-4000) of 
thee galactic carbon star AFGL2368, taken from Speck et al. (1997), which shows a prominent 
siliconn carbide (SiC) emission feature around ~ 11.5//m that is common in carbon stars (see 
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Figuree 8.3: The ratio of the two CAM-CVF spectra of IRAS04496-6958. The spectra are 
variablee up to ~ 13 /mi, where the variability ceases because stationary dust emission becomes 
dominant. . 

e.g.. Little-Marenin 1986; Yamamura et al. 1997). The shape of the 9-12 /an emission feature 
inn IRAS04496-6958 may be explained by assuming that the feature is a composition of the 
silicatee and SiC features. Alternative explanations include large silicate grains (Forrest et al. 
1975;; Papoular & Pégourié 1983), crystalline olivines (Koike et al. 1981) and corundum (AIO) 
grainss (Onaka et al. 1989). We note that similarly shaped emission is observed in the spectra 
off a wide variety of objects: the S star RT Sco and MS stars (Little-Marenin & Little 1988), 
thee Sil+ and Sil++ classes of M-type Mira variables (Little-Marenin & Little 1990), 0 Pictoris 
(Knackee et al. 1993; Fajardo-Acosta & Knacke 1995), inter-planetary dust particles (Sandford 
1988)) and comet Halley (Campins & Ryan 1989). 

Absorptionn against the photosphere by HCN and C2H2 is seen at 3.1, 3.8 and 8 /mi (Fig. 8.1). 
Onn the long-wavelength end of the emission feature the 13.7 /mi absorption due to C2H2 is seen, 
whichh is commonly observed in the spectra of galactic carbon stars (Yamamura et al. 1997). 
Thiss absorption is seen against the dust continuum — that dominates over the photospheric 
continuumm at these long wavelengths — indicating that the molecules are abundant throughout 
thee dusty CSE. It is absent in V778 Cyg. This may be understood if the molecules-to-dust 
ratioo is larger at lower metallicity, possibly because depletion of molecules into dust grains is 
lesss severe at smaller dust-to-gas ratios. 

IRAS04496-69588 is a Long Period Variable with a period of ~ 710 d and a K-band ampli
tudee of ~ 0.9 mag (Whitelock et al., in preparation). The two CVF spectra are taken at different 
phasess in the lightcurve, with spectrum A closer to maximum light. Their ratio is plotted in 
Fig.. 8.3. The maximum difference is reached between 9 and 10 /mi, and no difference is seen for 
wavelengthss ^13 /an. This suggests that a significant part of the variability around 10 /mi is 
duee to a variable emission feature, whilst beyond 13 /*m non-variable dust continuum emission 
dominates.. The CVF ratio around 10 /mi is 1.2, which equals the ratio of L-band flux densities 
att these two epochs (the K-band flux density ratio is 1.5). This may be compared to N (10 /mi) 
andd L-band amplitudes observed in galactic IR-bright carbon stars, AN - AL = -0.48 mag 
(standardd deviation 0.23) (Le Bertre 1992), and oxygen stars, AN - AL = 0.13 mag (standard 
deviationn 0.20) (Le Bertre 1993). The difference results from the fact that in carbon stars the 
L-bandd includes variable HCN+C2H2 absorption, whereas in oxygen stars the N-band includes 
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variablee silicate emission. The AN - AL ~ 0 mag of IRAS04496-6958 suggests a contribution 
off silicate emission to the variability in the N-band. The 10 ^m variability of IRAS04496-6958 
iss additional evidence for the silicate carbon star nature of this star, and 10 ^m variability 
mightt provide a new means for finding or confirming silicate carbon stars. 

Alll IR colours between 1 and 25 fim of IRAS04496-6958 are similar to those of carbon stars 
(Chapterss 3 & 7), whereas V778 Cyg has colours (Chen et al. 1998) more similar to oxygen-rich 
stars.. Hence the oxygen-rich dust component represents only a minor fraction of the total dust 
masss that is contained in the CSE of IRAS04496-6958. Its CSE is considerably thicker than 
thatt of known galactic silicate carbon stars, judged from its very red near-IR colours (Lloyd 
Evanss 1990; Chan & Kwok 1991). Hence the observation that all galactic silicate carbon stars 
aree of J-type (Lambert et al. 1990) may be an observational bias against N-type carbon stars 
withh massive carbon-rich CSEs for which an optical spectrum to determine the 13C/12C ratio 
iss relatively difficult to obtain. 

8.3.22 The origin of the oxygen-rich dust around the carbon star 
IRAS04496-6958 8 

IRAS04496-69588 is special because with A/boi = -6.8 mag it is a very luminous carbon star 
(Chapterss 3 & 4). The popular scenario for the formation of silicate carbon stars in which 
aa J-type carbon star evolves from a less massive R-type star (Lambert et al. 1990) implies 
thatt silicate carbon stars should not be very luminous, which has some observational support 
(Barnbaumm et al. 1991). Therefore, IRAS04496-6958 could be a different class from the galactic 
silicatee carbon stars. 

Nuclearr burning at the base of the convective envelope ("Hot Bottom Burning", HBB) re
ducess the carbon abundance of the mantle by cycling it into nitrogen (Iben 1981; Iben & Renzini 
1983;; Wood et al. 1983). Theoretical models show that it occurs for the most massive AGB 
starss (Blocker & Schönberner 1991). Boothroyd et al. (1993) predict that HBB prevents the 
occurencee of carbon stars above Mboi = -6.4 mag, consistent with the observed absence of opti
callyy bright carbon stars more luminous than Mbo, ~ - 6 mag (Iben 1981; Costa & Frogel 1996). 
Thee existence of luminous dust-enshrouded carbon stars (Chapter 4) like IRAS04496-6958 in 
thee LMC and IRAS00350-7436 in the SMC (A/bol = -6.6 mag; Whitelock et al. 1989) is 
explainedd by mass loss reducing the stellar mantle to below a critical mass required for the 
pressuree and temperature at the lower convective boundary to be sufficiently high to support 
HBBB (Boothroyd & Sackmann 1992). If such a star experiences another thermal pulse and ac
companyingg dredge-up of carbon to its surface, it may become a carbon star, after all (Frost et 
al.. 1998; Marigo et al. 1998). Hence, IRAS04496-6958 has been an oxygen-rich star not longer 
thann a thermal pulse interval of ~ 104 yr ago (see Vassiliadis k Wood 1993). This does not 
excludee the possibility that emission from the oxygen-rich dust is still observable around the re
centlyy formed carbon star, but the massive carbon-rich CSE around IRAS04496-6958 suggests 
aa relatively long lapse of time since the mass loss was oxygen rich. Although the ISOPHOT 60 
fj,mfj,m photometry is rather inaccurate, the high 60 fim flux density of IRAS04496-6958 suggest 
thatt its mass-loss rate was higher in the past, some 103"4 yr ago, which would be consistent 
withh an episode of increased mass loss during a thermal pulse followed by a considerable period 
off mass loss at a more moderate rate. 

Hencee it remains to be seen whether the silicate carbon star nature of IRAS04496-6958 
requiress a companion star to have captured the oxygen-rich material in a circumbinary disk, or 
whetherr it resulted from single star evolution of a massive AGB star. 
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Onn the metallicity dependence of AGB 
masss loss 

JaccoJacco Th. van Loon, in preparation for A&A 

II investigate the metallicity dependence of the mass-loss rate of dust-enshrouded Asymptotic 
Giantt Branch (AGB) stars. Near-IR colours, luminosities and expansion velocities are com
paredd between obscured AGB stars in the Small and Large Magellanic Clouds (SMC k LMC) 
andd various similar samples in the Milky Way. The observed properties of their circumstellar 
envelopess can be explained in a consistent way if the total (gas+dust) mass-loss rate is inde
pendentt of metallicity and the dust-to-gas ratios depend linearly on metallicity. Dust-to-gas 
ratioss in the envelopes around AGB stars in the SMC, LMC, Solar neighbourhood, and Galactic 
Centree then compare as 0.3:1:(2.5 to 3):(3 to 3.5). 

9.11 Introductio n 

Asymptoticc Giant Branch (AGB) stars develop strong mass loss at rates up to M ~ 10~5 M0 

yr"11 or more. The optical light of AGB stars with the highest M is almost entirely absorbed 
byy their dusty circumstellar envelopes (CSEs), and re-emitted at longer wavelengths. They 
becomee very bright infrared (IR) objects, outshining any other star in a galaxy except for a few 
redd supergiants (RSGs). During a brief period in their lives, they loose 50 to 80% of their initial 
mass.. This makes them important contributors to the chemical enrichment of the interstellar 
mediumm (ISM) — they are the main sources of dust particles in the Universe. 

Individuall galaxies differ in their metallicities as a result of different star formation histories. 
Forr instance, two of our nearest neighbours, the Large and Small Magellanic Clouds (LMC k 
SMC)) have current metallicities a factor ~ 2 and ~ 5 less than the average metallicity in the 
Milkyy Way (~solar). When pursuing a quantitative description of the history of star formation 
andd chemical enrichment within a galaxy, it is essential to correctly take into account the mass 
losss from AGB stars and RSGs. It requires an understanding of the dependence of the mass-loss 
ratee on metallicity, which is the topic of this paper. 

Thee paper is structured as follows: section 9.2 presents new identifications of mass-losing 
AGBB stars with IRAS point sources in the LMC, extending the sample of known obscured 
AGBB stars in the MCs (Loup et al. 1997; Zijlstra et al. 1996: papers I k II; van Loon et 
al.. 1997, 1998a: Chapters 2 & 3). In Section 9.3 formulae are derived for deriving mass-loss 
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ratess and dust-to-gas ratios from measurements of optical depths and either luminosities or 
expansionn velocities. Section 9.4 introduces the magellanic and galactic samples of stars and 
brieflyy addresses the near-IR colours of their circumstellar envelopes. Expansion velocities 
aree discussed in Section 9.5. Relative mass-loss rates and dust-to-gas ratios are determined in 
Sectionn 9.6 for the magellanic and galactic circumstellar envelopes, and the results are discussed 
inn Section 9.7. 

9.22 New near-IR counterparts of IRAS sources in the 
LMC C 

Periodss of weather conditions that were too poor for long-term photometric monitoring at the 
Southh African Astronomical Observatory (SAAO) at Sutherland, South Africa, in December 
19977 were used to search for near-IR counterparts of IRAS point sources in the direction of the 
LMC.. This was done on the 1.9 m telescope with the Mk in scanning photometer in the K-band. 
Ann aperture of 12" was used, chopping and nodding with a throw of 30". The search was limited 
too objects brighter than K = 13 mag. The areas around five IRAS point sources suspected 
too be obscured AGB stars (paper I) were searched. The candidate near-IR counterparts found 
aree listed in Table 9.1, where the photometry is in the SAAO system (Carter 1990), i.e. the 
J-bandd magnitude is transformed to the 0.75 m telescope system. One object was re-observed 
underr good photometric conditions (LI-LMC1284), together with the star HR2015 (5 Dor) 
forr photometric calibration. Positions have been estimated by comparing the position of the 
diaphragmm in the (red) acquisition video images with the second generation Digital Sky Survey, 
andd are accurate to ~ 2". 

II retrieved 12, 25 and 60 /im data from the IRAS data base server in Groningen1 (Assendorp 
ett al. 1995). Point sources coincident with the positions of the stars were confirmed by means 
off 2 x 2 square degree maps with 0.5' pixels. The flux density was measured from a trace 
throughh the position of the star using the command SCANAID in the Groningen Gipsy data 
analysiss software. LI-LMC203 shows a hint of duplicity: two similarly bright sources separated 
byy one arcminute. LI-LMC987 looks slightly extended, and LI-LMC1284 is on top of brighter 
emission.. LI-LMC1522 and especially LI-LMC1795 are isolated. Assuming identification of 
near-IRR and IRAS sources, the spectral energy distribution were integrated graphically to yield 
bolometricc magnitudes. 

Thee near-IR and IRAS photometry was used to evaluate the likelihood of identification and 
too determine the chemical composition of the circumstellar dust (Chapters 2 k 3). LI-LMC203 
hass not been identified with certainty. The best spatial coincidence is for the first listed in 
Tablee 9.1, tha t has blue near-IR colours incompatible with mass-losing AGB stars. There are 
twoo much brighter near-IR sources with moderately red ( J - K) nearby, of which the third 
listedd in Table 9.1 is a compact cluster of ~ 10 stars within a diameter of ~ 12". The 12 and 
255 /zm emission may actually have multiple counterparts. The proposed near-IR counterparts 
off LI-LMC987 and 1795 have near-IR colours consistent with red giants without mass loss and 
aree probably not associated with the IRAS sources. The secure near-IR counterpart of LI-
LMC12844 is a heavily obscured AGB star, with IR colours compatible with either C or O-rich 

xThee IRAS data base server of the Space Research Organisation of the Netherlands (SRON) and the Dutch 
Expertisee Centre for Astronomical Data Processing is funded by the Netherlands Organisation for Scientific 
Researchh (NWO). The IRAS data base server project was also partly funded through the Air Force Office of 
Scientificc Research, grants AFOSR 86-0140 and AFOSR 89-0320. 
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Tablee 9J Ncar-IR stars near IRAS point sources in the direction of the LMC (Ll-LMC catalogue of Schwering & Israel 1990) that are candidate 
obscuredd AGB stars. Listed are near-IR position, distance to the IRAS source (in arcsec), near-IR magnitude, IRAS flux density (in Jy), and 
bolometricc magnitude assuming association (see text). Values between parentheses are \-<r  errors. 

LI-LM C C 
203 3 

987 7 
1284 4 
1522 2 
1795 5 

a(2000) ) 
44 55 40.6 
44 55 41.7 
44 55 35.7 
55 24 41.7 
55 32 38.9 
5400 13.1 
55 56 42.7 

5(2000) ) 
-699 2640 
-699 26 22 
-699 26 56 
-699 15 20 
-688 25 22 
-699 22 50 
-677 53 21 

A A 
8 8 
26 6 
22 2 
15 5 
13 3 
3 3 

29 9 

11.955(0.017) ) 
8.776(0.016) ) 
8.455(0.017) ) 

13.006(0.069) ) 

10.660(0.015) ) 
12.058(0.025) ) 

H H 

11.906(0.035) ) 
14.015(0.049) ) 
9.919(0.018) ) 

11.157(0.019) ) 

K K 

11.858(0.039) ) 
7.719(0.021) ) 
7.346(0.022) ) 

11.622(0.053) ) 
11.896(0.023) ) 
8.612(0.017) ) 

10.907(0.024) ) 

LL

6.850(0.073) ) 

9.127(0.071) ) 
6.886(0.032) ) 

10.336(0.129) ) 

F\2 F\2 

0.31 1 
0.31 1 
0.31 1 
0.48 8 
0.37 7 
1.00 0 
0.25 5 

F-2S F-2S 

0.20 0 
0.20 0 
0.20 0 
0.43 3 
0.79 9 
0.92 2 
0.28 8 

Feo o 

0.16 6 

A/boi i 
-5.8 8 
-8.3 3 
-8.6 6 
- 5 .7 7 

-5.8 8 
-7.4 4 
-5.7 7 

dust.. LI-LMC1522 is certainly associated with the IRAS source, and has IR colours suggesting 
oxygen-richh dust. 

9.33 Measuring mass-loss rates and dust-to-gas ratios 

Thee optical depth r is proportional to the column density and dust-to-gas mass ratio tp. The 
columnn density is proportional to the total mass density p and inner radius Rt of the dusty CSE. 
Thee dust grains in the dust-formation zone are assumed to be in radiative equilibrium with 
thee incident stellar radiation field, keeping the effective temperature and the dust condensation 
temperaturee fixed. Then R? oc L, the stellar luminosity. The continuity equation yields M = 
47rr2/wexp,, with gas+dust mass-loss rate M, and expansion velocity vexp. It follows that the 
opticall depth 

TT OC j=  (9.1) 
VexpVL VexpVL 

Thee constant of proportionality includes a factor «(A), the wavelength-dependent opacity of 
thee dust. 

Inn a radiation-driven outflow, the matter-momentum flux is determined by the coupling 
withh the stellar photon-momentum flux via the momentum equation (Gail & Sedlmayr 1986) 

MvMvexpexp oc TL (9.2) 

Combinationn of Eqs. 9.1 and 9.2 leads to a description of the expansion velocity in terms of 
dust-to-gass ratio and luminosity (see also Habing et al. 1994): 

vvexpexp oc yfptfl (9.3) 

Eq.. 9.2 can also be used to eliminate vexp from Eq. 9.1, yielding a relation between the mass-loss 
ratee and dust-to-gas ratio, and the optical depth and luminosity: 

logg M + 0.5 log T/> + constant = log r + 0.75 log L (9.4) 

Alternatively,, Eq. 9.2 can be used to eliminate L from Eq. 9.1, yielding a relation between the 
mass-losss rate and dust-to-gas ratio, and the optical depth and expansion velocity: 

logg M +  2 log ip + constant = log r + 3 log vexp (9.5) 

Forr magellanic stars luminosities are easier to measure than expansion velocities, and for these 
starss it is advantageous to make use of Eq. 9.4. For galactic stars the opposite is true, and for 
themm Eq. 9.5 is the formula to use. 
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Thee constants in Eqs. 9.4 and 9.5 are related. Calling the constants of proportionality of 
Eqs.. 9.1 and 9.2 respectively a and 0, the constant in Eq. 9.4 equals log(a//5) and the constant 
inn Eq. 9.5 equals log(a2/?). The constant of proportionality in Eq. 9.3 equals \og(y/aj3). The 
valuess of a and j3 depend on the properties of the dust species, and calibrating them is an 
importantt yet extremely difficult task that will not be exercised here. 

Thee optical depth scales with near-IR colours: r oc (H - K) — (H - K)0, where the stellar 
photospheree is assumed to have (H — K)Q = 0.2 mag. This choice is consistent with Fig. 9.1, 
althoughh that may be biased by RSGs that are somewhat hotter than AGB stars. Fig. 3.3 
confirmss that galactic M-stars have (H - K)Q ~ 0.2 mag, whilst galactic carbon stars may be 
slightlyy redder with (H - K)0 ~ 0.4 mag. The sensitivity to the exact choice of (H - K)0 

rapidlyy vanishes as stars become obscured at (H — K)^,l mag. 
Bolometricallyy fainter stars have smaller inner radii of the dusty CSE and smaller expansion 

velocities,, yielding larger r and redder (H — K) colours at a given mass-loss rate. 

9.44 Samples of dust-enshrouded AGB stars 

Inn Fig. 9.1 we plot the (H - K) colours of the sample of obscured AGB stars and RSGs in the 
MCss (Chapter 3, and references therein). The SMC photometry is mainly from Groenewegen 
&& Blommaert (1998). Their star S22 has much bluer near-IR colours than is normal for its 
122 ^m excess. This star (=HV12956) is spectroscopically confirmed to be a late-M type star, 
andd its lithium enhancement suggests it must be near the very tip of the AGB (Smith et al. 
1995).. Bolometric magnitudes for the SMC stars were determined in the same way as for the 
LMCC stars by spline fitting to the spectro-photometric energy distribution (see Whitelock et al. 
1994),, adopting distance moduli of 18.55 and 18.97 mag for the LMC and SMC, respectively 
(Walkerr 1998). 

Thee reddest, optically thickest stars, with (H - K)Z3 mag, are found among AGB stars 
withh Mboi ~ - 5 to - 6 mag. No such red objects are known in the LMC among the brightest 
AGBB stars with Mho\ ~ - 7 mag, nor among the RSGs. 

Whitelockk et al. (1994) have searched for Long Period Variables (LPVs) in the South Galac
ticc Cap (SGC). Their sample consists of both optically bright and obscured AGB stars. Their 
(H(H — K) colours are plotted versus bolometric luminosity in Fig. 9.2 (the Mira P-L relation 
wass applied), where different symbols are used according to the 25 /xm flux density measured 
iff the star were at the distance of the LMC. The obscured stars that are detected by IRAS in 
thee LMC have S25^0.1 Jy. Their SGC equivalents have very red (H - K) colours, though not 
redderr than the reddest in the LMC (crosses). Optically bright AGB stars in the SGC sample 
havee typically (H - K) ~ 0.5 and Mbo) ~ - 4 to - 5 mag. The MC samples do not contain 
suchh objects because their mid-IR emission is too faint to have been detected by IRAS at the 
distancess of the MCs. On the other hand, the SGC sample is devoid of the brightest AGB 
starss with Mboi ~ — 7 mag as well as RSGs, because in the Milky Way such massive stars are 
preferentiallyy found in the galactic plane. 

Theree is a cluster of SGC stars with (H - K) ~ 0.8 and Afbol ~ -5.2 mag (Fig. 9.2). 
Thesee stars clearly show circumstellar reddening, but the mid-IR emission from their CSEs is 
justt below the detection limit of IRAS when placed at the distance of the LMC. This leaves 
openn the possibility of the existence in the LMC of a potentially large population of AGB 
starss with moderate mass-loss rates and luminosities. Indeed, in Chapter 2 several field stars 
weree found that are not related to a nearby IRAS source but that nevertheless had near-IR 



MetallicityMetallicity dependence of AGB mass loss 117 7 

55 I — i — i — i — i — I — i — i — i — r ^ i — i i i i I r 

4 4 

I I 

o o 

LMCC SMC 
•• O = AGB 

» » x x RSG G 

« « 

O O 
O O o o »» • 

II I I I I I I I 1 I I I I I I I I I I 1 I 1 L 

- 4 4 66 - 7 
M M 

•8 8 - 9 9 10 0 

bol l 

Figuree 9.1: (H — K) colour versus bolometric magnitude for obscured AGB stars and red 
supergiantss in the Magellanic Clouds. Colours are bluer for more luminous sources, and at 
lowerr metallicity (see text). 

colourss indicative of reddening. Recent observations by ISO also indicate the presence of such 
aa population of moderately luminous, moderately mass-losing AGB stars (Loup et al. 1999). 

Woodd et al. (1998) find LPVs in the Galactic Centre with K-band magnitudes from 5 to 13 
afterr correction for interstellar extinction. At the distance of the LMC this would yield K-band 
magnitudess from 9 to 17, i.e. within the sensitivity of the IRAC2 searches in paper II, Chapter 
22 and in Groenewegen & Blommaert (1998). The interstellar extinction corrected (H — K) 
colourss of the Galactic Centre LPVs are ~ 2 mag on average and ~ 4 mag maximum, similar 
too the (H - K) colours of the obscured AGB stars in the LMC. Wood et al. (1998) argue that 
theirr sample includes stars with metallicities a few times solar. They probably missed the most 
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Figuree 9.2: (H — K) colour versus bolometric magnitude for optically visible and obscured AGB 
starss in the Galactic Cap (Whitelock et al. 1994). Different symbols are used according to the 
255 /im flux density measured if the star were at the distance of the LMC. Crosses represent the 
actuall detections in the LMC (from Fig. 9.1). 

obscuredd stars, otherwise the lack of stars in the Galactic Centre with (H — K) > 4 mag would 
bee surprising. 

Groenewegenn et al. (1998) have observed and modelled a representative sample of obscured 
carbonn stars in the Milky Way. They used the P-L relation for carbon Miras to infer distances 
too the individual stars, that are found to be typically within 2 kpc from the Sun. They include 
twoo very obscured objects with (H - K) = 5.5 and 8.0 mag as derived from their models, but 
thee other stars have (H — K)£~>4 mag. They also compiled a sample of oxygen-rich stars with 
knownn near-IR photometry, pulsation periods, and expansion velocities, with no overlap with 
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thee SGC and Galactic Centre samples. Except for two objects with (H — K) ~ 6 mag, the M 
starss from Groenewegen et al. have (H — K)^>4.b mag. 

9.55 Expansion velocities 

Inn comparing the mass-loss rates and dust-to-gas ratios between the MCs one can rely on the 
usee of luminosities and eliminate vexp from Eq. 9.1. Luminosities are difficult to measure for 
starss in the Milky Way, however, due to unknown distances and severe interstellar extinction. 
Oftenn the Mira P-L relation is applied to infer distances to individual stars, but this relation 
possiblyy breaks down for stars whose stellar mantles have been significantly reduced due to mass 
losss (e.g. Wood et al. 1998; Wood 1998), or AGB stars may fall on other, parallel sequences 
(Beddingg & Zijlstra 1998; Wood 1999). For the Milky Way stars, L is eliminated from Eq. 
9.1,, leaving uexp to be measured. Because vexp has been measured for only a few LMC stars, 
Eq.. 9.3 will be used for the remaining LMC stars to estimate vexp from L. Here the expansion 
velocitiess of AGB stars are briefly discussed in order to arrive at a justified calibration of the 
vvexpexp(L)(L) scaling relation for LMC stars. I consider vexp derived from the separation of the outer 
peakss of OH maser line profiles, and from the width of CO(l-O) emission for Milky Way stars 
withoutt OH measurements. The latter are divided by 1.12, following Groenewegen et al. (1998; 
seee also Lewis 1991). 

Thee vexp is plotted against P in Fig. 9.3. Periods for the LMC stars are from Wood et 
al.. (1992) and Wood (1998), and their vexp are from Wood et al. (1992) and van Loon et al. 
(1998b:: Chapter 6). Carbon stars (filled symbols) are distinguished from oxygen-rich, M-type 
starss (open symbols). As an AGB star evolves, P increases. Mass loss becomes important for 
P^4000 d and reaches a maximum for P^;600 d (cf. Jura 1986). This evolution is also reflected 
inn t;exp, which increases when P^400 d and levels off at a value vexp ~ 18 km s_ l for P^600 
dd (dotted line in Fig. 9.3, see also Lewis 1991). Looking at the individual data sets (Lewis 
1991;; Wood et al. 1998; Groenewegen et al. 1998), it seems that AGB stars with P£350 d 
evolvee at ~constant vexp typically 3 to 4 km s"1. This is also seen in (intrinsic) S-type stars 
withh semi-regular variability (Fig. 18 in Jorissen & Knapp 1998). This may be a slow wind 
supportedd by another mechanism, such as radiation pressure on molecules (cf. Steffen et al. 
1997,, 1998). It agrees with the observation that SiO masers, that depend on shocks by stellar 
pulsationn (Alcolea et al. 1990), may be present for P£350 d and become ubiquitous when 
P^7000 d (Izumiura et al. 1994). At P^600 d AGB stars evolve in pulsation period but not 
(noticeably)) in luminosity (Wood et al. 1998; Wood 1998). At that stage, M stays constant 
untill the star leaves the AGB. 

Carbonn stars appear to have somewhat larger t;exp than M-type stars at the same P, although 
thee (few) SGC carbon stars do not obey this trend. The data is also consistent with smaller P 
forr carbon stars at the same vexp. As vexp for carbon stars are always derived from CO rather 
thann OH measurements, it is uncertain whether exactly the same quantity is being compared. 
SGCC stars within 1 kpc from the galactic plane (squares) are distinguished from SGC stars 
beyondd that (large circles). The latter are presumably of sub-solar metallicity and have smaller 
üexpp than the former. 

Woodd et al. (1992) showed that vexp is smaller at LMC metallicity than at solar metallicity, 
providingg supportive evidence for Eq. 9.3. The apparent decrease of vexp when P has evolved 
beyondd 1000 d (Fig. 9.3) may be due to differences in metallicities between the different samples. 
Thee LMC star with vexp = 24 km s_1 is IRAS04553-6825, a very luminous RSG (Chapter 6, 
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Figuree 9.3: Expansion velocity versus pulsation period, for samples in the LMC (Wood et al. 
1992;; Wood 1998; Chapter 6), South Galactic Cap (Whitelock et al. 1994), Galactic Centre 
(Woodd et al. 1998) and "Solar neighbourhood" (Groenewegen et al. 1998). Carbon stars are 
representedd by filled symbols. The dotted line is drawn to guide the eye: expansion velocities 
aree low for P ^ 3 5 0 but increase dramatically for longer periods until they reach a more constant 
levell for P^600 . Low metallicity stars in the LMC and the SGC sample (at more than 1 kpc 
fromm the galactic plane) have lower vexp than stars with ^.solar metallicity. 

andd references therein). The other LMC stars are AGB stars with typically t,'exP ~ 10 km 
s"1 .. The OH/IR stars in the Groenewegen sample with P^IOOO have t'exp ~ 10 to 20 km 
s"1,, suggesting that metallicities of' these Milky Way stars are higher than the LMC stars. 
Thee expansion velocities of the stars in the Galactic Centre range up to uexp = 24 km s - 1 , and 
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metallicitiess of two to three times solar have been suggested by Wood et al. (1998). Considering 
alll this, Eq. 9.3 is calibrated by demanding a star with LMC metallicity and L = 30, 000 L© 
(Mboii = -6.5 mag) to have vexp = 10 km s"1. 

9.66 Dust-to-gas ratios in circumstellar envelopes 

Eqs.. 9.4 k 9.5 can be used to compare the combination of mass-loss rate and dust-to-gas ratio 
betweenn the MCs and between the LMC and the Milky Way, respectively. If the mass-loss 
ratee depends on luminosity but not on metallicity and if the luminosity distributions of the 
starss in these samples are identical — implying identical star formation histories — then the 
distributionss over the combination of M and ip are identical except for possible offsets due to 
differentt mean values for tjj  among the different samples. 

Eq.. 9.4 is used to calculate the combination of mass-loss rate and dust-to-gas ratio from 
thee optical depths and luminosities for the magellanic samples of stars (Fig. 9.4). The stars 
withh Mboi < -7.5 and > -7.5 mag are considered RSGs and AGB stars, respectively. Fig. 
9.5aa shows the cumulative distributions (normalised to unity) of the AGB stars in the LMC 
(solid)) and SMC (dotted) over the value of (logM + 0.5 log^ + constant). The shape of the 
cumulativee distribution is very similar for the LMC and the SMC. The SMC distribution can 
bee translated by increasing ip such that it coincides with the distribution of LMC stars (Fig. 
9.5b).. The best agreement is found for ipLMc =  3.3T/>SMC, accurate within ~10%. 

Eq.. 9.5 is used to calculate the combination of mass-loss rate and dust-to-gas ratio from 
thee optical depths and expansion velocities for our samples of stars in the LMC and the Milky 
Wayy (Fig. 9.6). Only those LMC stars for which periods have been published in the literature 
(Woodd et al. 1992; Wood 1998) are plotted. Stars in the different samples are not similarly 
distributedd over P, with the LMC sample having an average pulsation period longer than that 
off the Milky Way sample, possibly due to selection effects or differences in the star formation 
histories.. Hence the populations of stars in these samples may not be directly compared. 

Twoo regimes of pulsation period will be considered: one for 500<P < 800 d, and another for 
PP > 800 d. The first group consists of stars that evolve beyond the optically bright Mira phase 
withh moderate M and into the obscured AGB phase (Jura 1986). These stars still increase in 
luminosity.. The other group consists of more evolved stars for which M has become so high that 
theyy shed their mantles on a timescale shorter than the nuclear burning timescale. Hence these 
starss stay at nearly constant luminosity and consequently constant M, while their pulsation 
periodss keep increasing as severe mass loss steadily diminishes their stellar mantles. Stars in 
thee LMC sample are predominantly found in the most evolved class of objects, whilst these 
kindd of stars are very rare in the Galactic Centre sample due to their faintness in the K-band. 
M-typee stars in the "Solar neighbourhood" sample of Groenewegen et al. (1998) populate both 
regimess rather evenly. 

Relativee dust-to-gas ratios are derived from Fig. 9.7 for the LMC (dotted), "Solar neighbour
hood"" (M-type; solid) and Galactic Centre (dashed), in the same way as before by estimating 
thee relative offsets in (log M + 2 log ip + constant) of the normalised cumulative distributions. 
Thee shape of this distribution clearly differs from sample to sample. Notably, the distribution of 
starss with 500<P < 800 d in the "Solar neighbourhood" sample of Groenewegen et al. (1998) is 
muchh flatter than the distributions of stars in the LMC. This may reflect different distributions 
inn luminosity and/or metallicity as a result of different star formation histories. The differences 
inn shape of the distribution are smaller than the systematic offsets between them, however, and 
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Figuree 9.4: Mass-loss rate M and dust-to-gas ratio ip calculated from Eq. 9.4, plotted versus 
Mboi-- There is a maximum limit to M, increasing with higher luminosity. Mass-loss rates are 
thee same for SMC stars, provided that ip is lower than in the LMC by the right amount. 

thuss it is still possible to derive fairly accurate values for the relative dust-to-gas ratios. Stars in 
thee "Solar neighbourhood" appear to have dust-to-gas ratios between ~ 2.5 and 3 times those 
inn the LMC. There are only three Galactic Centre stars with P > 800 d, having dust-to-gas 
ratioss about three times as high as in the LMC. The Galactic Centre stars with 500<P < 800 
dd have dust-to-gas ratios ~ 3.5 times higher than LMC stars. 
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Figuree 9.5: Normalised distribution of AGB stars (Mboi > -7.5 mag) over mass-loss rate M 
andd dust-to-gas ratio ip (a). Keeping M constant, dust-to-gas ratios in SMC and LMC compare 
ass 0.3:1 (b). 

9.77 Discussion 

Thee dust-to-gas ratios derived for the CSEs of AGB stars in the MCs and the Milky Way 
mayy be compared to the dust-to-gas ratios derived for the ISM of these galaxies. Most of the 
masss of stars that eventually evolve into AGB stars is returned to the ISM, enriched with dust. 
Thesee intermediate-mass stars are sufficiently numerous and short-lived that the ISM has been 
recycledd by them at least several times over the history of the galaxies under consideration. A 
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Figuree 9.6: Mass-loss rate M and dust-to-gas ratio -ip calculated from Eq. 9.5, plotted versus 
pulsationn period P for stars in the LMC (Wood et al. 1992; Wood 1998: Chapter 6). South 
Galacticc Cap (Whitelock et al. 1994), Galactic Centre (Wood et al. 1998) and "Solar neighbour
hood"" (Groenewegen et al. 1998). Dotted vertical lines delineate regimes of periods P < 500, 
500<PP < 800 and P > 800 d. 

55 M0 star has a lifetime of ~ 1.1 x 108 yr (Marigo et al. 1999), and there have been already 
~~ 102 generations of these massive AGB stars at work in mixing dust with the ISM. In the 
absencee of efficient dust-destruction mechanisms, dust-to-gas ratios of the ISM are expected to 
reflectt the dust-to-gas ratios in the CSEs of the AGB star population. 

Dust-to-gass ratios in the ISM of the LMC are found to be ~ \ of that of the ISM in the 
Solarr neighbourhood (van Genderen 1970; Koornneef 1982; Clayton & Martin 1985), and in 
thee SMC it is ~ i of that in the Solar neighbourhood (van den Bergh 1968; van Genderen 
1970;; Lequeux et al. 1982; Bouchet et al. 1985). The difference in dust-to-gas ratio between 
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ett al. 1998) compare as 1:(2.5 to 3):(3 to 3.5). 

thee ISM of the SMC and the Solar neighbourhood is identical to the difference in dust-to-gas 
ratioo of the CSEs of AGB stars in the SMC and the Solar neighbourhood. In the LMC, the 
dust-to-gass ratio in the ISM is a little lower than in the CSEs of AGB stars. If significant, this 
mayy indicate that dust is being destroyed in the ISM of the LMC rather efficiently, possibly 
becausee of a currently strong interstellar radiation field as a result of increased star formation 
inn the past few Gyr. 
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Metallicitiess for relatively young (107-8 yr) field stars are found to be about 2 and 5 times 
lowerr in the LMC and SMC, respectively, compared to the Solar neighbourhood (Spite et al. 
1989a,b;; Russell & Bessell 1989; Meliani et al. 1995; Luck et al. 1998). When depicting the 
chemicall evolution of the MCs, however, it is clear that the metallicity with which stars were 
bornn a few Gyr ago was considerably lower — roughly twice — than what is measured in 
massivee stars today (de Freitas Pacheco et al. 1998; Da Costa & Hatzidimitriou 1998; Bica et 
al.. 1998). AGB stars, with a characteristic age of 109 yr, are thus expected to have metallicities 
somewhatt lower than those measured in young field stars. 

Consideringg this, the comparison between the dust-to-gas ratios and mass-loss rates of AGB 
starss in the SMC, LMC, and Milky Way suggests that the dust-to-gas ratios in the outflows 
off AGB stars depend approximately linearly on the metallicity. This was suspected by Habing 
ett al. (1994) but still awaited observational support. It then implies that the total (gas+dust) 
mass-losss rates of AGB stars are independent of metallicity for metallicities between 0.1 and 2 
timess solar. 
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Mass-losss rates and luminosity 
functionss of dust-enshrouded AGB 
starss and red supergiants in the LMC 

JaccoJacco Th. van Loon, M.A.T. Groenewegen, A. de Koter, Norman R. Trams, L.B.F.M. Waters, 
AlbertAlbert A. Zijlstra, Patricia A. Whitelock, Cecile Loup, in preparation f or A&A 

AA radiative transfer code is used to model the spectral energy distributions of a sample of 57 
mass-losingg Asymptotic Giant Branch (AGB) stars and red supergiants (RSGs) in the Large 
Magellanicc Cloud (LMC) for which ISO spectroscopic and photometric data are available. As 
aa result we derive mass-loss rates and bolometric luminosities. 

AA gap in the luminosity distribution around Mbol = -7.5 mag separates AGB stars from 
RSGs.. The luminosity distributions of optically bright carbon stars with low mass-loss rates, 
andd dust-enshrouded carbon stars and M-type stars have only little overlap, suggesting that 
thee dust-enshrouded AGB stars are at the very tip of the AGB and will not evolve significantly 
inn luminosity before mass loss ends their AGB evolution. 

Mass-losss rates span a range from M ~ 10"7 to 1CT3 M0 yr"1. More luminous and cooler 
starss reach higher mass-loss rates. The highest mass-loss rates exceed the classical limit set 
byy the momentum of the stellar radiation field, L/c, by a factor of a few due to multiple 
scatteringg of photons in the circumstellar dust envelope. Mass-loss rates are lower than the 
masss consumption rate by nuclear burning, A/nuc, for most of the RSGs. Two RSGs have 
MM » A/nuc, however, suggesting that RSGs shed most of their stellar mantles in short phases of 
intensee mass loss. Stars on the thermal pulsing AGB may also experience episodes of intensified 
masss loss, but their quiescent mass-loss rates are usually already higher than Mnuc. 

10.11 Introductio n 

InIn their final stages of evolution, both intermediate-mass and more massive stars become very 
largee and assume very low photospheric temperatures. Either as Asymptotic Giant Branch 
(AGB)) stars for initial masses l £ M £ 8 M0 or as red supergiants (RSGs) for MZ7 MQ, they 
becomee unstable and their mantles start to pulsate with great amplitude. This presumably lev
itatess matter out to a distance from the star where radiation temperatures and gas pressures 
aree favourable for the formation of dust. Once dust forms in sufficient abundance, radiation 
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pressuree on the dust grains and collisional coupling of the grains with the gas drives an efficient 
stellarr wind (Goldreich k Scoville 1976). In this way, AGB stars and RSGs lose a significant 
fractionn of their initial mass at rates of up to M ~ 10"5 to 10 -3 M0 yr~\ and they become 
surroundedd by a dusty circumstellar envelope (CSE). The stellar light is almost entirely ab
sorbedd by the dust at wavelengths X&lfim, but re-emission by the dust at A^10//m makes the 
CSEss very bright infrared (IR) objects. The dust-enshrouded phase of evolution is particularly 
interestingg for its importance in the chemical enrichment of the interstellar medium (ISM) and 
thee formation of stellar remnants. It is the phase during which stars return most of their mass 
too the ISM, enriching the ISM both with dust and with the products of nuclear burning. 

IRASS detected many IR point sources in the Large Magellanic Cloud (LMC) (Schwering k 
Israell 1990), among which a few hundred candidates for CSEs around AGB stars or RSGs could 
bee selected (Reid et al. 1990; Loup et al. 1997, paper I). Association with known optically bright 
starss (mostly RSGs) and ground-based near-IR observations have resulted in the identification 
off several dozen AGB star or RSG counterparts (Reid et al. 1990; Wood et al. 1992; paper I; 
Zijlstraa et al. 1996, paper II; van Loon et al. 1997, Chapter 2). Follow-up observations have been 
primarilyy aimed at obtaining accurate bolometric luminosities for these stars, which is possible 
becausee of the fact that the distance to the LMC is known with relatively high accuracy, and, 
inn the case of AGB stars, determining whether the circumstellar dust and/or the photospheric 
compositionn is dominated by an oxygenous or carbonaceous chemistry (van Loon et al. 1998a, 
Chapterr 3; van Loon et al. 1999, Chapter 4). This culminated in the ISO spectroscopic and 
photometricc observations of a selection of 57 AGB stars and RSGs in the LMC, resulting in the 
chemicall classification and spectral energy distributions (SEDs) for most of them (Trams et al. 
1999b,, Chapter 7). In this paper, the SEDs of the ISO sample are fit by a radiation transfer 
model,, yielding accurate mass-loss rates and bolometric luminosities. 

10.22 Inpu t for  the model fitting 

10.2.11 The radiative transfer code 

Thee radiative transfer code "MoDust" is developed at the University of Amsterdam by Dr. Alex 
dee Koter. It calculates the emergent SED from a star surrounded by a spherically symmetric 
dustyy CSE. Input parameters include the SED of the underlying star, optical properties of the 
dust,, and parameters describing the CSE geometry. These are discussed below, after a brief 
descriptionn of the observed SEDs. 

10.2.22 Observed spectral energy distributions 

Thee model is fitted to photometric and spectroscopic data in the IR. This data consist of ISO 
measurements,, supplemented by near-IR photometry gathered at the South African Astronom
icall Observatory (SAAO) within the framework of a monitoring campaign to obtain pulsation 
periodss for the stars in the ISO sample (Whitelock et al. 1999, in preparation). The variability 
informationn resulting from the monitoring project will be used for correlation with the results 
fromm the model fits. The ISO data comprise broadband photometry at 12, 25 and 60 fim us
ingg the ISOCAM and ISOPHOT instruments, and spectroscopy between 2.5 and 12 /zm using 
ISOPHOTT and between 7 and 14 //m using ISOCAM. The data are described and presented in 
detaill in Chapter 6. 
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Interstellarr extinction will be ignored, because the SED will only be studied at wavelengths 
beyondd 1 /mi where interstellar extinction is expected to be insignificant compared to the 
extinctionn by the CSE. However, there are indications that along some lines-of-sight this may 
nott be true (Chapter 2). Furthermore, the distance to the stars is assumed to be 50 kpc. 
Althoughh there is reason to believe that the distance to the LMC may be somewhat larger than 
thiss (Feast 1998), most distance estimates cluster around a value of 50 kpc (Walker 1998). 

10.2.33 Spectral energy distribution s in the models 

Ourr sample of stars consist of M-type (oxygen-rich) and carbon stars. In Chapter 6, and 
referencess therein, we classified the chemical types of the dusty CSEs of most of the stars in 
ourr sample. For the stars for which we do not have spectroscopic information about the stellar 
photospheree we assume that the chemical composition of the dust corresponds to the carbon 
orr oxygen dominance in the stellar photosphere. 

Forr M stars (MK classification) we use the synthetic spectra published by Fluks et al. (1994) 
forr the wavelength region between 0.1 and 12.5 /mi, extended to 1 m by means of a blackbody 
off the temperature given by Fluks et al. For carbon stars no such data are readily available. 
Barnbaumm et al. (1996)and Lazaro et al. (1994) present spectra of carbon stars at optical (0.4 
too 0.7 /mi) and near-IR (1 to 4 /mi) wavelengths, respectively. From their stars we selected AQ 
Sgr,, an N-type carbon star without infrared excess or strong stellar pulsation. 

Thee effective temperature Teff of the stellar photosphere is only known for a few optically 
brightt stars in our sample where spectral subclasses could be determined, ranging from Ml 
(refff = 3810 K) to M10 (Teff = 2500 K). For the oxygen-rich stars without this information 
wee adopt Teff = 2890 K, corresponding to a spectral type M8 III (Fluks et al. 1994). For the 
carbonn star (AQ Sgr) we adopt Teff = 2804 K, as measured by means of Lunar occultation 
techniquess (Lazaro et al. 1994). Stellar pulsation, a common feature of mass-losing AGB stars 
andd RSGs, results in an extended atmosphere, and the photospheric spectra for pulsating stars 
aree likely to be affected by this (Bowen 1988; Feast 1996). We ignore not only these possible 
deviationss from the input spectra that we use, but also the variability of Xeff during the pulsation 
cycle.. Finally, differences in metallicity may affect the spectral classification and its relation to 
effectivee temperature. Though important, it is a little explored subject. 

10.2.44 Dust properties 

Becausee our data is limited in constraining the model in too much detail, it is not possible to 
determinee the exact composition and properties of the dust. Amorphous olivine and carbon 
fromm the Jena group (Jager et al. 1998; Preibisch et al. 1993) are used for oxygen- and carbon-
richh dust, respectively. Crystalline carbon in the form of graphite (SiC), taken from Laor 
&& Draine 1993, is only added when the SiC emission feature at ~ 11.3 /xm is observed. The 
opacitiess K of these three dust species are plotted in Fig. 10.1. Remaining discrepancies between 
thee best model fit and the observations will be discussed later, and possible explanations include 
differentt (mixtures of) dust species. For instance in oxygen-rich environments pyroxenes may 
contribute,, as well as FeO, and in some highly evolved CSEs crystalline silicates may be present 
(Waterss et al. 1999). 

Thee spherical dust grains are assumed all to have the same radius a = 0.1 /mi, and the 
opticall properties of the grains are calculated assuming Mie theory. 
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Figuree 10.1: Opacities of the dust species used here: amorphous olivine & carbon (solid and 
dashed,, respectively; Jager et al. 1998; Preibisch et al. 1993) and graphite (dotted: Laor k 
Drainee 1993). 

10.2.55 Geometry of the circumstellar envelope 

Thee dusty CSE has two boundary conditions. The outer boundary is set by imposing that the 
outerr CSE and stellar radii assume a ratio Ro^/R* = 104. This is a rather arbitrary choice, 
butt corresponds roughly to the typical extensions of CSEs. An order of magnitude difference 
inn this ratio does not significantly affect the calculated SED. The inner boundary is set by 
requiringg the temperature at the inner radius. Rin, of the dusty CSE to be r d u s t = 1000 K. This 
correspondss to the typical temperature at which dust condenses, although it should be realised 
thatt this depends on the local gas pressure as well as the chemistry. 

Thee radiation transfer calculation requires the local density of dust, p d u s t . at a distance r 
fromm the center of the star to be specified. The continuity equation for an outflow prescribes 
thatt pdust is determined by 

M M 
Pdustt = -A—; ^ (10.1) 4nij!v4nij!vexpexprr

2 2 

withh total (gas+dust) mass-loss rate M, gas-to-dust ratioo ip, and expansion velocity 
vvexpexp.. The parameter that we try to find out from fitting the model to the observations is M. 
Thiss means that the gas-to-dust ratio must be known. A value of tp = 500 is adopted here. 
believedd to be representative of the moderately low LMC metallicity. Little is known about the 
dependencee of ip on stellar parameters, which should be realised when interpreting the mass-loss 
ratess that we derive. 

Expansionn velocities may be measured from the twin peaks of OH maser profiles, but only 
aa few of the brightest maser sources in the LMC are detectable with current instrumentation 
(Woodd et al. 1986, 1992; Chapter 3). A value of • yexp p 100 km s Ms often adopted for stars in 
thee LMC. However, vexp depends on the stellar luminosity L as vexp oc \fZ (see e.g. Habing et al. 
1994).. In our modelling we calibrate this scaling relation by demanding a star with L = 30, 000 
L©© (Mbo l = - 6 . 47 mag) to have nexp = 10 km s"1 (Chapter 9). Another complication is the 
factt tha t dust grains do not escape the stellar gravitation field at a constant velocity. When 
dustt forms in the proximity of the star, matter in the stellar outflow is being accelerated. The 
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velocityy ueXp as measured by OH is not reached instantaneously. However, dust condensation 
iss not complete instantaneously either, and the two effects tend to cancel (e.g. Groenewegen et 
al.. 1998). Hence it is decided to assume that both if) and t;exp are independent of r. 

Thee radial optical depth rrad is the optical depth along the line-of-sight towards the star, and 
determiness the amount of extinction and the temperature structure throughout the dusty CSE. 
Thee maximal tangential optical depth rtan is the optical depth along the line-of-sight parallel 
too the line-of-sight towards the star, at a minimal distance Rin to the star, and measures the 
amountt of emission from the dusty CSE. It is assumed here that pdust oc r 2. This requires 
Mil)-Mil)- llv~^v~  ̂ to be constant in time. For this simple geometric case, with Rin < Rout, the radial 
andd tangential optical depths are related as 

Ttan/Tradd = T ( 1 0 - 2 ) 

Whenn presenting the results of the model fits, the values of rrad at a wavelength A = l//m are 

listed. . 

10.2.66 Fitting strategy 
Thee strategy to obtain the best fit of the model to the observations involves iterations of model 
calculationss where input parameters are being adjusted according to the following (rough) 
guidelines:: (i) adjust iï* to get L right; (ii) adjust M to get the 25 /xm flux density right; (iii) 
adjustt fijner to get the extinction in the near-IR right. The aim is to reach Tdust = 1000 K 
att i?in, where Tdust refers to the hottest component in case of a mixture of dust species. If a 
spectrumm around 10 fim is available, then the strength of the silicate (or SiC) feature and the 
levell of the stellar and/or dust continuum are additional criteria to be met. First vexp = 10 km 
s"11 is used, but afterwards t;exp and M are scaled as described before, using L from the final 
fitfit of the model to the observations. 

10.33 Results of model fitting 
Thee results of the model fits are listed in Tables 10.1 to 10.5, and the model SEDs are presented 
togetherr with the observational data in Figs. 10.2 to 10.6. The stars are discussed in separate 
sectionss according to the chemistry and the availability of ISO spectroscopy. The peculiar 
carbonn star IRAS04496-6958 is described in a section of its own. When more than one epoch 
off data was available, both epochs were fit with the requirement that the mass-loss rate remain 
thee same. The approach taken here is not entirely correct, as the stars are all Long Period 
Variabless requiring dynamical models (Hron et al. 1998). 

10.3.11 M-type stars with ISO spectra 
Thee input spectral types and model fit parameters for the 12 M-type stars for which we have 
ISOO spectroscopic data are listed in Table 10.1, and the model fits are plotted together with 
thee photometric and spectroscopic data in Fig. 10.2. 

Exampless of good fits are IRAS05329-6708 and SP77 30-6, for which both the general 
shapee of the SED and the shape and strength of the 10 ^m silicate feature are well reproduced 
byy the model. The only serious flaw in the fit for these stars is the discrepancy between the 
observedd and predicted 60 ^m flux density. This is seen in all fits, without exception, including 
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Tablee 10.1: Model parameters for M-type stars with ISO spectra, using amorphous olivine 
fromm Jena. For a given star, R* (in fl0), Rin (in ƒ?,), and rrad (at a wavelength A = 1/im are 
adjustedd to fit the model to the observations, yielding M (in 10"6 M0 yr_1). Model fits derived 
forr multiple epochs are labelled in the last column. 

Star r 
HV12070 0 
HV2446 6 
HV888 8 
HV996 6 
IRAS04545--
IRAS05003--
IRAS05298--

IRAS05329--
IRAS05402--

IRAS05558--

SP777 30-6 
WOHH G64 

-7000 0 
-6712 2 
-6957 7 

-6708 8 
-6956 6 

-7000 0 

^eff f 

3309 9 
3434 4 
3574 4 
3574 4 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
2890 0 
3126 6 

R* R* 
600 0 
540 0 

1300 0 
950 0 
850 0 
560 0 
400 0 
800 0 
600 0 
850 0 
550 0 
750 0 
480 0 
700 0 

2100 0 

^ i n n 

11.2 2 
13.3 3 
15.5 5 
16.5 5 
12 2 
9.5 5 

13 3 
12 2 
12 2 
11.5 5 
12 2 
9.8 8 

10.5 5 
8 8 

16 6 

Trad d 

0.021 1 
0.054 4 
0.041 1 
0.16 6 
7.1 1 
1.7 7 

14 4 
7.5 5 
7.7 7 
5.1 1 
7.6 6 
2.1 1 
3.0 0 
0.35 5 

12 2 

M M 
0.1 0.1 
U U 
5 5 

13 3 
280 0 
29 9 

230 0 
230 0 
180 0 
180 0 
180 0 
50 0 
50 0 
7 7 

2800 0 

Ep. . 

A A 
B B 

A A 
B B 
A A 
B B 

Tablee 10.2: Model parameters for M-type stars without ISO spectra, using amorphous olivine 
fromm Jena. For a given star, R„  (in RQ), Rin (in R*), and rrad (at a wavelength A = I/an are 
adjustedd to fit the model to the observations, yielding M (in 10 6 M0 yr_1). 

S t a rr 7W R* Rin rraH M 
HV12501 1 
HV2360 0 
HV5870 0 
HV916 6 
IRAS04407-7000 0 
IRAS04498-6842 2 
IRAS04509-6922 2 
IRAS04516-6902 2 
IRAS04530-6916 6 
IRAS05294-7104 4 
SHV0522023-701242 2 
SHV0524565-694559 9 
SHV0530323-702216 6 
WOHH SG374 

3810 0 
3736 6 
3434 4 
3666 6 
2890 0 
2890 0 
2500 0 
2667 7 
2890 0 
2890 0 
3666 6 
3434 4 
3309 9 
3309 9 

840 0 
870 0 
820 0 

1050 0 
1150 0 
770 0 
950 0 

1200 0 
1400 0 
800 0 
160 0 
190 0 
280 0 
730 0 

19.7 7 
19.2 2 
13.6 6 
17.5 5 
8.9 9 
8.9 9 
6.0 0 
7 7 

12.5 5 
9.9 9 

16.7 7 
13.1 1 
11.3 3 
13 3 

0.034 4 
0.083 3 
0.10 0 
0.060 0 
1.1 1 
1.0 0 
0.83 3 
0.93 3 
9.5 5 
2.1 1 
0.001 1 
0.034 4 
0.053 3 
0.59 9 

3 3 
7 7 
5 5 
6 6 

50 0 
26 6 
17 7 
33 3 

840 0 
64 4 

£0.01 1 
0.2 2 
0.4 4 

23 3 
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Tablee 10.3: Model parameters for carbon stars with ISO spectra (always of type C5 with 
refff = 2804 K), using amorphous carbon from Jena and crystalline carbon (SiC) from Laor & 
Drainee (1993). For a given star, only R* (in 72©), Rm (in R\,), the mass fraction (in %) of dust 
containedd into SiC, and rrad (at a wavelength A = 1/zm are adjusted to fit the model to the 
observations,, yielding M (in 10"6 M0 yr"1). Model fits derived for multiple epochs are labelled 
inn the last column._ -_.— 

Starr R* Rin SiC rrad M Ep. 
HV2379 9 

IRAS04374-6831 1 
IRAS05112-6755 5 
IRAS05128-6455 5 
IRAS05190-6748 8 
IRAS05289-6617 7 

IRAS05348-7024 4 

IRAS05568-6753 3 
SHV0500193-681706 6 

SHV0500233-682914 4 

330 0 
270 0 
480 0 
580 0 
600 0 
520 0 
290 0 
220 0 
650 0 
500 0 
450 0 
340 0 
500 0 
480 0 

9.5 5 
9.6 6 

10.6 6 
10.8 8 
10.3 3 
11 1 
12.6 6 
13.3 3 
11.1 1 
11.3 3 
12.2 2 
10 0 
9.8 8 
9.7 7 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

20 0 
20 0 
50 0 
50 0 
0 0 
0 0 
0 0 

20 0 

1.4 4 
1.7 7 
7.4 4 

11 1 
5.0 0 

17 7 
67 7 
84 4 
12 2 
9.2 2 

56 6 
2.2 2 
3.2 2 
1.5 5 

0.66 A 
0.66 B 
8 8 

14 4 
6 6 

19 9 
411 A 
411 B 
266 A 
266 B 
55 5 

1.99 A 
1.99 B 
1.6 6 

Tablee 10.4: Model parameters for carbon stars without ISO spectra (always of type C5 with 
Tefff = 2804 K), using amorphous carbon from Jena. For a given star, only R+ (in RQ), Rin (in 
R*),R*), and rrad (at a wavelength A = 1/xm are adjusted to fit the model to the observations. 

Starr H* Rm 7 ^ M~ 
GRV0519-6700 0 
IRAS04286-6937 7 
IRAS04539-6821 1 
IRAS04557-6753 3 
IRAS05009-6616 6 
IRAS05113-6739 9 
IRAS05295-7121 1 
IRAS05300-6651 1 
IRAS05360-6648 8 
IRAS05506-7053 3 
SHV0454030-675031 1 
SHV0502469-692418 8 
SHV0521050-690415 5 
SHV0522118-702517 7 
SHV05260011 -701142 
SHV0535442-702433 3 
TRM45 5 
TRM72 2 
TRM88 8 
WBP14 4 

320 0 
430 0 
490 0 
410 0 
570 0 
520 0 
410 0 
480 0 
430 0 
480 0 
190 0 
290 0 
680 0 
300 0 
360 0 
320 0 
350 0 
460 0 
490 0 
330 0 

8.5 5 
10.4 4 
10.7 7 
10.8 8 
10.4 4 
10.8 8 
10.6 6 
10.8 8 
10.8 8 
11 1 
9.2 2 
8.5 5 
8.9 9 
9.6 6 
9.5 5 
8.8 8 

10.4 4 
10.3 3 
10 0 
9.3 3 

0.016 6 
6.4 4 

10 0 
11 1 
6.7 7 

10 0 
8.1 1 

12 2 
11 1 
17 7 
0.76 6 
0.018 8 
0.44 4 
1.7 7 
1.5 5 
0.23 3 
6.0 0 
5.6 6 
3.1 1 
1.0 0 

£0.01 1 
5 5 

10 0 
8 8 
8 8 

11 1 
6 6 

11 1 
9 9 

16 6 
0.15 5 

£0.01 1 
0.6 6 
0.7 7 
0.8 8 
0.1 1 
3.5 5 
5 5 
3 3 
0.5 5 
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Figuree 10.2: Models (solid lines; Table 10.1) and observations (solid circles and open squares 
forr epochs A & B, resp.) for M-type stars with ISO spectra. 

carbonn stars. There are two possible explanations: first, the measured 60 fim flux densities 
mayy have been over-estimated (Chapter 7); second, a shallower slope at far-IR wavelengths 
mayy be obtained by increasing the complex term of the optical constants, thereby increasing 
thee emission in the far-IR over the extinction at shorter wavelengths. 

Oftenn the silicate feature produced by the amorphous olivine is too strong compared to 
thatt observed, i.e. for HV996 and IRAS05402-6956. For HV12070 this may be due to the fact 
thatt it is an MS star and hence the dust may be of a rather peculiar chemical composition. 
Thee silicate emission often peaks at a longer wavelength than what is produced by the model 
fit.. Perhaps the silicate dust in the LMC is different from silicate dust that is formed at solar 
metallicity. . 

AA third discrepancy seen for some, but not all, stars is an emission deficiency in the model 
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Figuree 10.3: Model fits (solid lines; Table 10.2) and observational data for M-type stars without 

ISOO spectra. 

fitfit in the wavelength interval between ~ 4 and 8 ^,m, i.e. for HV996 and IRAS05558-7000. 
Thiss is known from the literature to be a common problem in fitting models to oxygen-rich 
CSEs,, and it is investigated in detail for the post-AGB star AFGL4106 by Molster et al. (1999). 
Possiblee explanations include hot dust, different optical properties or different mixtures of the 
dustt as it is present around the star. 

Thee two stars for which we had most difficulties in reaching an acceptable fit are IRAS05298-6957 
andd WOH G64. The common problem is reproducing the observed weak extinction in the near-
IRR and the silicate feature compared to the strong mid- and far-IR emission. One of the most 
obviouss explanations is that of a disk-like shape of the CSE, in which case the disks of these 
starss are viewed under a large inclination angle causing little extinction in the line-of-sight to
wardss the stars. Perhaps we see here the progenitors of the disk-like and bipolar morphologies 
ubiquitouss for planetary nebulae and post-RSGs. 
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Modelss (solid lines; Table 10.3) and observations (solid circles and open squares 
&& B, resp.) for carbon stars with ISO spectra. 

10.3.22 M-type stars without ISO spectra 

Thee input spectral types and model fit parameters for the 14 M-type stars for which we do not 
havee ISO spectroscopic data are listed in Table 10.2, and the model fits are plotted together 
withh the photometric data in Fig. 10.3. 

Inn general, good fits of the model to the observed SEDs are obtained, disregarding the 60 
fj,mfj,m flux densities. This is in part due to the fact that there is no information about the strength 
off the silicate feature or the emission between 4 and 8 /zin. IRAS04530-6916 may well be an 
examplee of stars like WOH G64 for which we argued that the CSE may be disk-like. 

Thee only M-type star that has an SED consistent with no mass loss is SHV0522023-701242, 
indicatingg that we are able to detect mass-loss rates in excess of a few x l0~ 8 M 0 y r - 1 . 

10.3.33 Carbon stars with ISO spectra 

Thee model fit parameters for the 10 carbon stars for which we have ISO spectroscopic data 
aree listed in Table 10.3, and the model fits are plotted together with the photometric and 
spectroscopicc data in Fig. 10.4. 
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Figuree 10.5: Models (solid lines; Table 10.4) and observations (solid circles and open squares 
forr epochs A & B, respectively) for carbon stars without ISO spectra. The 12 and 25 fim flux 
densitiess of IRAS05506-7053 were measured from IRAS data (Chapter 7). 

Thee general shape of the SED can be reproduced by the model rather well, but in several 
casess the observed spectra lack emission in the wavelength interval between ~ 5 and 10 jim. 
Thiss may be attributed to the absorption by carbonaceous molecules (Hron et al. 1998). The 
discrepancyy between the ISO spectrum and the photometric data of IRAS05128—6455 is a 
mystery,, and may be related to a problem in the background subtraction of the PHOT-S 
spectrum. . 

Thee strength of the silicon carbide (SiC) feature in the spectrum of IRAS05348-7024 could 
bee well reproduced by a mixture of equal quantities of amorphous carbon and SiC. This would 



138 8 ChapterChapter 10 

bee a very high crystalline dust content. The SiC fractions are sensitive to the optical constants 
usedd — which may be metallicity dependent — and to possible differences in the geometrical 
distributionss of the dust species. Such flaws in our modelling might also explain the problem 
inn reproducing the SiC feature in the very obscured object IRAS05289-6617. 

10.3.44 Carbon stars without ISO spectra 

Thee model fit parameters for the 20 carbon stars for which we do not have ISO spectroscopic 
dataa are listed in Table 10.4, and the model fits are plotted together with the photometric data 
inn Fig. 10.5. The ISOPHOT photometry at 12 and 25 /xm of IRAS05506-7053 may have been 
inn error: the shape of the SED using the ISO photometry is astrophysically impossible, whereas 
thee SED with IRAS photometry is well-fitted using amorphous carbon. Hence we reclassify 
thiss star as a carbon star, superseding the result obtained in Chapter 7. 

Alll SEDs can be fit satisfyingly, disregarding the 60 //m flux densities. The ISOPHOT 
measurementt at 25 fim of IRAS05295-7121, which is at a very faint level indeed, bears a large 
uncertaintyy and is consistent with the model fit. Often, stars have a little brighter J-band 
magnitudess than predicted by the model. This may in part be due to the aperture photometry 
beingg affected by crowding, but it is not unlikely that the optical properties of the amorphous 
carbonn dust need to be fine-tuned to yield somewhat less extinction at wavelengths ^1/xm. 

Twoo stars, GRV0519-6700 and SHV0502469-692418, have SEDs consistent with no mass 
loss:: like for oxygen-rich CSEs, mass-loss rates in excess of a few xlO - 8 M0 yr"1 are detectable 
inn our data. 

10.3.55 IRAS04496-6958 

Thee model fit parameters for the carbon star IRAS04496-6958 are listed in Table 10.5, and 
thee model fits are plotted together with the photometric and spectroscopic data in Fig. 10.6. 

Thee ISO data of this star have been discussed extensively in Trams et al. (1999a, Chapter 
8),, where we argue for the presence of a minor fraction of silicate dust in the CSE. Here we 
attemptt to fit the SED of this silicate carbon star with a dust mixture of amorphous carbon, 
olivinee and SiC, and also using pure amorphous carbon dust. Because of the smaller opacity 
off olivine, the mixture requires lower luminosities and higher mass-loss rates in order to fit the 
observedd SED than in the case of purely carbon. The shape of the SED around 10 fim is partly 
reproducedd using the mixture, featuring emission from olivine at ~ 10 and 18/im, and from SiC 

Tablee 10.5: Model parameters for the silicate carbon star IRAS04496-6958, assuming spectral 
typee C5 with Teff = 2804 K, and using amorphous carbon and olivine from Jena and crystalline 
carbonn (SiC) from Laor k Draine (1993). Only #* (in RQ), Rin (in #*), the mass fraction (in 
%)) of dust contained into SiC and olivine, respectively, and rrad (at a wavelength A = l^m are 
adjustedd to fit the model to the observations, yielding M (in 10~6 M0 yr"1). Model fits derived 
forr multiple epochs are labelled in the last column 

~Modell R+ Rin SiC olivine rrad M Ep. 
Silicate/carbonn 760 10 10 60 2.4 12 A 

6800 10.1 10 60 2.6 12 B 
Carbonn 820 9.9 0 0 3.0 5.6 A 

7300 10.1 0 0 3.3 5.6 B 
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Figuree 10.6: Model fit to the observed spectral energy distribution of the peculiar carbon 
starr IRAS04496-6958 (Table 10.5), using a mixture of amorphous carbon, silicon carbide and 
amorphouss olivine (left panels), and using pure amorphous carbon (right panels). 

att ~ 11.5//m. The model fit using pure carbon would imply strong molecular absorption in the 
55 to 9 ^m region and around 14 /j,m. However, the oxygen-rich dust component is likely to be 
inn a stationary disk configuration rather than evenly distributed in the spherically symmetric, 
outflowingg CSE. This may be the cause for the very high olivine fraction of 60%, and we adopt 
insteadd the luminosity and mass-loss rate derived when using pure carbon. 

10.44 Discussion 

10.4.11 Luminosities 

Luminositiess derived from the model fits are listed for M-type and carbon stars in Tables 10.6 
66 10.7, respectively, together with (K - L) colours and bolometric corrections BCK to the 
K-bandd magnitudes. The luminosity is not taken from L = 47rcr^Te

4
ff, but from the integration 

off the SED at the outer boundary of the CSE instead — which determines the fit of the model 
too the data. The input and emergent luminosities are virtually identical for stars with optically 
thinn CSEs, but the emergent luminosity can be lower than the input luminosity by up to a few 
perr cent for the optically thickest CSEs considered here. 

Inn Fig. 10.7 the bolometric corrections BCK are plotted against the (K - L) colours. The 
carbonn stars define a rather tight relation of the form 

BCBCKK = 3 - (K - L) : i/12 (10.3) 

Bolometricc magnitudes can be estimated for obscured stars with an accuracy of a few xO.1 
mag.. If the scatter in the data is due to limited accuracies of the photometry and/or model 
fitting,fitting, then luminosities can be estimated with help of the mean relationship to an accuray 
off perhaps only 0.1 mag, or even better. M-type stars obey approximately the same relation 
betweenn BCK and (A' - L) as carbon stars do, although the scatter in the M-type stars seems 
largerr and they appear to have BCK smaller by ~ 0.2 mag for (K - L) < 1 mag. 

Thee bolometric luminosity distributions of the carbon and M-type stars are plotted in Fig. 
10.8.. The distributions resemble those presented in Chapter 4. Only stars with M > 10~7 MQ 

yr~'' are plotted, together with the optically bright carbon stars in the LMC from Costa & Frogel 
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Tablee 10.6: Bolometric magnitudes Mboi, absolute K-band magnitudes MK, {K-L) colours and 
bolometricc corrections BCK to MK of the M-type stars. The distance to the LMC is assumed 
dd = 50 kpc, and the bolometric magnitude of the Sun Mboi,Q = -4.72. 

Star r 
HV12070 0 
HV12501 1 
HV2360 0 
HV2446 6 
HV5870 0 
HV888 8 
HV916 6 
HV996 6 
IRAS04407-7000 0 
IRAS04498-6842 2 
IRAS04509-6922 2 
IRAS04516-6902 2 
IRAS04530-6916 6 
IRAS04545-7000 0 
IRAS05003-6712 2 
IRAS05294-7104 4 
IRAS05298-6957 7 

IRAS05329-6708 8 
IRAS05402-6956 6 

IRAS05558-7000 0 

SHV0522023-701242 2 
SHV0524565-694559 9 
SHV0530323-702216 6 
SP777 30-6 
WOHH G64 
WOHH SG374 

MMboi boi 

-6.75 5 
-8.09 9 
-8.09 9 
-6.69 9 
-7.60 0 
-8.77 7 
-8.42 2 
-8.09 9 
-7.52 2 
-6.65 5 
-6.42 2 
-7.22 2 
-7.93 3 
-6.85 5 
-5.95 5 
-6.72 2 
-5.21 1 
-6.72 2 
-6.09 9 
-5.90 0 
-6.85 5 
-6.58 8 
-5.61 1 
-4.33 3 
-4.42 2 
-5.10 0 
-6.45 5 
-9.19 9 
-7.17 7 

MMK K 

-9.75 5 
-10.74 4 
-10.74 4 
-9.75 5 

-10.39 9 
-11.60 0 
-11.24 4 
-10.91 1 
-10.31 1 
-9.79 9 
-9.34 4 

-10.25 5 
-8.76 6 
-9.09 9 
-9.04 4 
-9.59 9 
-6.89 9 
-7.39 9 
-8.09 9 
-7.89 9 
-8.99 9 
-9.59 9 
-8.46 6 
-7.09 9 
-7.74 4 
-8.14 4 
-9.49 9 

-11.51 1 
-9.85 5 

(K-L) (K-L) 
0.47 7 
0.45 5 
0.55 5 
0.53 3 
0.50 0 
0.43 3 
0.45 5 
0.75 5 
0.88 8 
1.00 0 
1.05 5 
1.01 1 
2.13 3 
2.25 5 
1.30 0 
1.30 0 
3.00 0 
2.60 0 
2.15 5 
2.60 0 
2.25 5 
1.30 0 
1.83 3 

0.65 5 
1.66 6 
0.95 5 

BCBCK K 

3.00 0 
2.65 5 
2.65 5 
3.06 6 
2.79 9 
2.83 3 
2.82 2 
2.82 2 
2.79 9 
3.14 4 
2.92 2 
3.03 3 
0.83 3 
2.24 4 
3.09 9 
2.87 7 
1.68 8 
0.67 7 
2.00 0 
1.99 9 
2.14 4 
3.01 1 
2.85 5 
2.76 6 
3.32 2 
3.04 4 
3.04 4 
2.32 2 
2.68 8 
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Tablee 10.7: Bolometric magnitudes Mboi, absolute K-band magnitudes MK, (K - L) colours, 
andd bolometric corrections BCK to MK of the carbon stars. The distance to the LMC is 
assumedd d = 50 kpc, and the bolometric magnitude of the Sun Mboi,0 = -4.72. 

"StaTT M^i MK (K - L) BCK 

GRV0519-6700 0 
HV2379 9 

IRAS04286-6937 7 
IRAS04374-6831 1 
IRAS04496-6958 8 

IRAS04539-6821 1 
IRAS04557-6753 3 
IRAS05009-6616 6 
IRAS05112-6755 5 
IRAS05113-6739 9 
IRAS05128-6455 5 
IRAS05190-6748 8 
IRAS05289-6617 7 

IRAS05295-7121 1 
IRAS05300-6651 1 
IRAS05348-7024 4 

IRAS05360-6648 8 
IRAS05506-7053 3 
IRAS05568-6753 3 
SHV0454030-675031 1 
SHV0500193-681706 6 

SHV0500233-682914 4 
SHV0502469-692418 8 
SHV0521050-690415 5 
SHV0522118-702517 7 
SHV0526001-701142 2 
SHV0535442-702433 3 
TRM45 5 
TRM72 2 
TRM88 8 
WBP14 4 

-4.68 8 
-4.73 3 
-4.29 9 
-5.30 0 
-5.54 4 
-6.70 0 
-6.45 5 
-5.59 9 
-5.20 0 
-5.92 2 
-5.96 6 
-5.72 2 
-6.03 3 
-5.72 2 
-4.45 5 
-3.84 4 
-5.20 0 
-5.54 4 
-6.20 0 
-5.63 3 
-5.31 1 
-5.54 4 
-5.40 0 
-3.53 3 
-4.79 9 
-5.63 3 
-5.54 4 
-4.46 6 
-6.30 0 
-4.52 2 
-4.92 2 
-4.67 7 
-4.86 6 
-5.45 5 
-5.59 9 
-4.73 3 

-7.82 2 
-7.09 9 
-6.59 9 
-7.24 4 
-7.09 9 
-9.54 4 
-9.04 4 
-6.69 9 
-6.04 4 
-7.79 9 
-6.54 4 
-6.63 3 
-7.94 4 
-5.39 9 

-6.74 4 
-6.29 9 
-6.89 9 
-5.79 9 
-6.19 9 
-4.89 9 

-6.64 4 
-7.79 9 
-8.24 4 
-8.39 9 
-7.68 8 
-9.26 6 
-7.49 9 
-8.04 4 
-7.84 4 
-6.94 4 
-7.53 3 
-8.25 5 
-7.94 4 

1.70 0 

2.15 5 
2.55 5 
1.35 5 
1.60 0 
3.00 0 
2.85 5 
2.25 5 
3.22 2 
2.96 6 
2.00 0 
3.40 0 

2.40 0 
3.10 0 
2.90 0 
3.40 0 
2.80 0 
3.30 0 

1.20 0 
1.25 5 
1.55 5 
0.51 1 
0.83 3 
1.30 0 
1.30 0 
0.35 5 
2.05 5 
2.36 6 
1.69 9 
1.05 5 

3.14 4 
2.36 6 
2.30 0 
1.96 6 
1.55 5 
2.84 4 
2.59 9 
1.00 0 
0.84 4 
1.87 7 
0.58 8 
0.91 1 
1.91 1 

-0.33 3 

1.54 4 
0.75 5 
0.69 9 
0.16 6 
0.88 8 
1.35 5 

3.11 1 
3.00 0 
2.61 1 
2.85 5 
3.22 2 
2.96 6 
2.97 7 
3.12 2 
3.17 7 
2.08 8 
2.08 8 
2.66 6 
3.21 1 
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Figuree 10.7: Bolometric corrections BCK to the K-band magnitudes, versus (K - L) colours. 
Thee relation is remarkably tight, and virtually identical for carbon and M-type stars. The 
relationn is well represented by a function of the form BCK = 3 - (K - Lf /12 (dotted line) for 
00 < (K - L) < 4 mag. 

(1996).. Optically bright carbon stars, dust-enshrouded carbon stars, and dust-enshrouded M-
typee AGB stars and RSGs occupy distinct luminosity ranges with little overlap: optically bright 
carbonn stars populate the AGB mostly between Mbol = - 4 and - 5 mag, whilst most dust-
enshroudedd carbon stars have luminosities between Mbo, = - 5 and - 6 mag. M-type AGB stars 
aree mainly found between Mbol = - 6 and - 7 mag, and (M-type) RSGs peak around Mboi = - 8 
mag. . 

Becausee carbon stars result from the dredge-up of carbon during thermal pulses, the fact 
thatt the dust-enshrouded carbon stars are more luminous than the optically bright carbon stars 
suggestss that (i) mass-loss rates increase during the thermal-pulsing AGB (TP-AGB) rendering 
carbonn stars optically invisible before they leave the AGB and/or (ii) AGB stars with more 
massivee cores spend a larger fraction of their TP-AGB lifetime being obscured by a massive 
CSEE than AGB stars with less massive cores. The little overlap between the dust-enshrouded 
carbonn and M-type stars suggests that dust-enshrouded AGB stars better represent the tip 
luminositiess of the AGB for the various progenitor stars than samples of optically bright AGB 
starss do. The luminosity distribution of dust-enshrouded AGB stars in the LMC (Fig. 10.8) 
iss hence expected to closely resemble the luminosity function of the progenitors of Planetary 
Nebulaee in the LMC. 

Amongg the dust-enshrouded AGB stars, the luminosity distribution of M-type stars peaks 
att Mboi ~ - 6 . 5 mag which is significantly more luminous than the peak of the carbon star 
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Figuree 10.8: Bolometric luminosity distribution of carbon and M-type stars with M > 10~7 

MQQ yr"1, compared to the optically bright carbon stars in the LMC (-=-20) from Costa & Frogel 
(1996).. The luminosity distribution of dust-enshrouded carbon stars peaks at a luminosity 
higherr than optically bright carbon stars, but lower than dust-enshrouded M-type stars. RSGs 
andd AGB stars are separated by a gap in the luminosity distribution around A/b0i ~ —7.5 mag. 

luminosityy distribution at A/boi ~ —5.7 mag. If, as suggested above, luminosities of dust-
enshroudedd AGB stars can be directly translated into progenitor masses then the division of 
Mboii ~ -6.0 mag between the dust-enshrouded M-type and carbon star luminosity distributions 
translatess to a Zero Age Main Sequence (ZAMS) mass of Mdiv ~ 4 Ma (Wood 1998). Stars with 
MZAMSS < J^div become carbon stars on the TP-AGB. Our sample of dust-enshrouded carbon 
starss contains stars as faint as A/boi ~ —4 mag, implying a lower limit to the progenitor mass 
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off carbon stars between 1 and 2 M0 (Wood 1998). This lower mass limit should be taken as 
veryy preliminary, however, as fainter dust-enshrouded carbon stars are unlikely to have entered 
ourr sample due to selection criteria. 

Starss with MZAMS > Mdiv stay oxygen rich on the TP-AGB. This is expected if Hot Bottom 
Burningg (HBB: Iben 1981; Iben & Renzini 1983; Wood et al. 1983) is effective: in sufficiently 
massivee stars the pressure and temperature at the bottom of the convective mantle are high 
enoughh for carbon to be processed into (mainly) nitrogen, thus preventing the formation of 
aa carbon star. The fact that dust-enshrouded carbon stars more luminous than Mboi = —6 
magg are not entirely absent in the LMC means that HBB cannot be effective during the entire 
durationn of the TP-AGB. HBB may shut off near the very end of the TP-AGB when mass loss 
hass reduced the mass of the mantle to below a critical value needed to maintain the high pressure 
andd temperature required for HBB to occur (Boothroyd &  Sackmann 1992). Another thermal 
pulsee would then be sufficient for transforming the chemistry of the mantle and photosphere 
fromm oxygen into carbon dominated (Frost et al. 1998; Marigo et al. 1998). With 3 out of 13 
dust-enshroudedd AGB stars between Mbol = - 6 and - 7 mag being carbon stars, this means 
thatt massive AGB stars (typically MZAMS ~ 5 M0) experience about four to five thermal pulses 
duringg the dust-enshrouded phase. AGB stars with MZAMs ~ 5 M0 have interpulse periods 
off ~ 1 x 104 yr (Vassiliadis & Wood 1993), yielding lifetimes for these dust-enshrouded AGB 
starss of ~ 5 x 104 yr. 

10.4.22 Mass-loss rates 

Inn Fig. 10.9 the mass-loss rates are plotted versus the bolometric magnitudes for the stars in 
ourr sample. Before discussing the implications for the mass loss in the AGB and RSG phases, 
twoo possible selection effects need to be addressed. 

First,, faint stars with high mass-loss rates may have escaped selection due to the difficulty to 
detectt their faint, obscured near-IR counterpart. Indeed, the two carbon stars IRAS05289-6617 
withh Mbo, = -4.15 mag and M = 4.1 x 10"5 M0 yr '1 and IRAS05568-6753 with Mbo, = -5.40 
magg and M = 2.6 x 10~5 M0 yr - 1 were only included because in both cases the IRAS point 
sourcee had been erroneously identified with an M-type field star. The K-band magnitude of 
theirr real near-IR counterparts is expected to be fainter than K ~ 19 mag, which is beyond any 
off the near-IR searches done so far. Hence (many?) more such heavily obscured, bolometrically 
faintt stars are expected to exist (see also Chapter 2 and Loup et al. 1999). From the luminosity 
distributionss (Fig. 10.8) these are expected to be carbon stars. A similarly obscured object 
(S13)) was found in the Small Magellanic Cloud by Groenewegen & Blommaert (1998). 

Second,, stars with small IR excesses have been largely excluded from our sample. This may 
havee resulted in the absence of stars with M^IO - 7 M0 yr"1 around Mboi ~ - 4 mag to stars 
withh M^10~6 M0 yr - 1 around Mbol ~ - 9 mag. It would be interesting to investigate whether 
thiss region in the M versus Mbol diagram is in fact devoid of stars. Gail & Sedlmayr (1987) 
suggestedd that dynamical considerations exclude dust-driven winds with M%> few xlO - 6 M0 

yr"11 (at L ~ few xlO3 L0). This lower limit slowly decreases with increasing luminosity, and 
cann therefore never explain an absence of luminous stars with low mass-loss rates. Furthermore, 
thee values for M that we find for faint stars of L ~ few x 103 L0 are more than an order of 
magnitudee lower than the lower limit predicted by Gail k Sedlmayr (1987). 

Mass-losss rates are higher for M-type stars than for carbon stars, which is likely a result 
off the higher luminosities of dust-enshrouded M-type stars rather than the different chemistry 
perr se (Fig. 10.9). The data suggest a maximum limit to the mass-loss rate, outlined by a 
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Figuree 10.9: Mass-loss rates versus bolometric luminosities for carbon and M-type stars. The 
distributionn of stars suggests a maximum limit to M which is proportional to L (short-dashed 
line)) and higher than the classical limit A/classic = L{vexpc)-1 (long-dashed line). The rates at 
whichh mass is burned by the CNO (AGB stars) and 3a (RSGs) cycles are also proportional to 
LL (dotted lines). 

(short-dashed)) line of M oc L. There does not seem to be a distinction between the luminosity 
dependencee of the maximum M for AGB stars — be it carbon or M-type — and RSGs, despite 
theirr different masses and internal structure. The maximum M is higher than the classical limit 
Mdassicc = i(i'expc)^1 <x Lor° by a factor ~ 2 at L = 103 L0 up to a factor ~ 10 at L = 5 x 105 

L0.. This is expected to happen when multiple scattering of photons in the dusty CSE becomes 
importantt (Gail & Sedlmayr 1986). The six M-type stars closest to the M limit are indeed 
alsoo the stars with the largest optical depth at 1 /im among the M-type stars, averaging r r ad(l 
fim)=fim)= 9  2. The same is true for the two carbon stars near the M limit, IRAS05289-6617 
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andd IRAS05568-6753, that have the largest optical depth among the carbon stars, with r rad(l 
fim)=fim)= 76 and 56, respectively. The ratio of optical depths rrad of these carbon and M-type stars 
iss quite similar to the ratio of the opacities K at 1 /xm for the dust around these stars (Fig. 
10.1). . 

Too appreciate the importance of the mass-loss rate for the evolution of a star, M should 
bee compared with the rate at which mass is consumed by nuclear burning, Mnuc, and which 
determiness the evolutionary timescale in the absence of severe mass loss. In AGB stars the 
energyy is mainly produced by the CNO cycle in the H-burning shell, releasing ~ 6.1 x 1018 

ergss g - 1 , whilst in RSGs the 3a cycle in the He-burning core is responsible for the stellar 
luminosity,, releasing ~ 5.9 x 1017 ergs g_1 (Kippenhahn &  Weigert 1990). The lines of A/nuc 

aree proportional to L (dotted in Fig. 10.9). All AGB stars in our sample with measurable 
mid-IRR emission from circumstellar dust have M > Mnuc, and hence their AGB evolution will 
bee terminated by the loss of the stellar mantle before the core can grow significantly. Most 
RSGs,, however, experience M ~ Mnuc. This means that they cannot lose a large fraction of 
theirr stellar mantles before presumably ending as a supernova. WOH G64 with Mbol = -9.19 
magg and M M = 2.8 x 10 -3 M0 yr"1 and probably also IRAS04530-6916 with Mbol = -7.93 
magg and M = 8.4 x 10 -4 M0 yr"1 may be the only RSGs in our sample that have M»A/nuc . 
Att such high mass-loss rates these two stars have lifetimes of only ~ 104 yr. 

Thee empty area in the (A/bo,,M) diagram between the two RSGs WOH G64 and IRAS04530 
-69166 with log A/ = -2.6 and -3 .1 , respectively, and the six RSGs with about two orders of 
magnitudee lower mass-loss rates is hard to explain in terms of selection effects and may therefore 
bee a real gap in the M distribution of RSGs. From these numbers we estimate that RSGs spend 
aboutt 25% of their RSG lifetime in the intense mass-loss phase at M ~ 10~3 M© yr - 1 and 75% 
inn a moderate mass-loss phase at M ~ 10~3 M0 yr - 1 . A similar gap of about an order of 
magnitudee in M may be present in the M distribution of AGB stars, although for stars fainter 
thann Mbo\ ~ - 6 mag this is hard to prove due to selection effects mentioned before. If true, 
however,, this means for the AGB stars that most (-*< 80%) of the time on the TP-AGB is spent 
inn relative quiescence, at high but not exuberantly high M, with only short phases of intense 
masss loss. Such a "burst" may be episodic, or it may be the final shedding of the stellar mantle 
beforee the star leaves the AGB. 

Thee two brightest carbon stars in the sample, IRAS04496-6958 with A/bo| = -6.6 and 
SHV0521050-6904155 with A/boi = -6.3 mag have mass-loss rates that are significantly lower 
thann the mass-loss rates of most of the oxygen-rich AGB stars at these high luminosities. We 
speculatee that these stars may exhibit lower mass-loss rates following a (final) thermal pulse 
thatt converted them from oxygen-rich AGB stars into carbon stars after HBB could not be 
maintainedd anymore because the stellar mantles had been strongly diminished by mass loss 
onn the TP-AGB. This may also explain the presence of an oxygen-rich component in the 
circumstellarr dust around IRAS04496-6958 (Chapter 8). 

Thee process of dust formation is extremely sensitive to the temperature (Arndt et al. 1997), 
andd (episodes of) increased mass-loss rates may therefore be related to lower T  ̂ of the stars. 
Thee spectral subclasses of the M-type stars in our sample for which the spectral type is known 
aree plotted versus their bolometric magnitudes (Fig. 10.10), with the size of the symbol increas
ingg with larger M. The strong luminosity dependence of M is very prominent. However, there 
alsoo seems to be a temperature dependence of M: cooler stars, i.e. stars with larger subclasses, 
experiencee larger M than warmer stars. 
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Figuree 10.10: Spectral subclasses versus bolometric luminosities for the M-type stars with 
knownn spectral type. The size of the symbol increases with larger til. Stars of later spectral 
typee (cooler TeS) and higher luminosity have larger M. 

10.55 Summary 

Wee derived mass-loss rates and luminosities for a sample of dust-enshrouded oxygen- and 
carbon-richh AGB stars as well as red supergiants, all of which have been observed with ISO, 
usingg a radiation transfer code to model the spectral energy distributions at IR wavelengths. 

Thee luminosity distribution of dust-enshrouded carbon stars peaks at Mb0\ ~ -5.7 mag, 
whichh is in between the peak of the luminosity distribution of optically bright carbon stars 
(Mboii 4.8 mag) and the peak of the luminosity distribution of dust-enshrouded M-type 
AGBB stars (A/boi 6.5 mag). We interpret this as follows: stars with masses of ~ 2 to 4 MQ 

becomee carbon stars on the thermal pulsing AGB, whereas more massive AGB stars remain 
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oxygen-richh as a result of Hot Bottom Burning. Optically bright carbon stars may still evolve 
inn luminosity before becoming dust-enshrouded, or they may be associated with generally less 
massivee stars (1 to 2 M0) than the stars that become dust-enshrouded carbon stars. The 
existencee of a few luminous carbon stars may be explained by HBB switching off near the very 
tipp of the AGB and the occurrence of a final thermal pulse thereafter. 

Mass-losss rates of both AGB stars and RSGs are found to increase with increasing luminosity 
andd decreasing effective temperature, and are typically M ~ 10~6 to 1CT4 M0 yr_1 on the TP-
AGBB and M ~ 10"5 to 1CT3 M0 yr"1 for RSGs. Mass-loss rates in some cases exceed the 
limitt set by the rate at which the available photon momentum can be transferred onto the 
gass and dust by means of single scattering, providing evidence for multiple scattering to be 
effectivee in driving the outflow. Such intense mass loss only happens during distinct (possibly 
recurrent)) phases in the evolution of AGB stars and RSGs that last typically 20 to 25% of 
thee dust-enshrouded lifetime. It is only during these episodes of intensified mass loss that the 
mass-losss rate of RSGs exceeds the mass-consumption rate due to nuclear burning, whereas 
thiss is always the case for dust-enshrouded AGB stars. 
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Summaryy and Future 

11.11 Summary 
Whatt main results were accomplished as a result of the work described in this thesis, and how 
doo these add to our growing knowledge and understanding of the mass loss and evolution of 

AGBB stars? 
Thee number of AGB stars in the LMC that are hidden from the optical view by their 

circumstellarr dust shells is significant (few xlO2) compared to the estimated total of LMC 
starss on the thermal pulsing AGB (few xlO3). Not only do the obscured stars add to the total, 
theyy also comprise the most crucial phase in the life of an intermediate-mass star since its birth. 
Indeed,, the identification and subsequent in-depth study of some 50 obscured AGB stars in the 
LMCC has lead to new insights into the process of AGB mass loss as well as AGB evolution. 
Withh mass-loss rates of one or two orders higher than the nuclear burning mass-consumption 
rates,, obscured AGB stars do not evolve along the AGB any further. The luminosity of an 
obscuredd AGB star therefore corresponds almost directly to an initial mass MZAMS, whereas 
opticallyy bright stars of a given MZAMs populate a broad range in AGB luminosities. 

Althoughh it is far from straightforward to determine the chemical type of a star that is 
invisiblee at optical wavelengths and still faint in the IR, the chemical type could be assigned 
too almost all known obscured AGB stars in the LMC. The detection of several obscured but 
veryy luminous (Mhol = - 6 to - 7 mag) carbon stars implies that, contrary to what was known 
fromm the luminosities of optically bright carbon stars, massive AGB stars do exist in the LMC 
andd they can become carbon stars. Yet also among the obscured stars the most luminous AGB 
starss are M-type, reaching luminosities up to MM ~ -7.5 mag and suggesting that massive 
carbonn stars only form after a considerable period of oxygen-rich mass loss, confirming recent 
theoreticall models including 3rd dredge-up and Hot Bottom Burning. This scenario may also 
providee an explanation for the unexpected detection of a (minor) oxygen-rich dust component 
inn the most luminous carbon star in the LMC. 

Fromm the modelling of the spectral energy distributions of the sample of AGB stars and red 
supergiantss observed with ISO and the comparison of the near-IR colours of samples of obscured 
AGBB stars in the SMC, LMC and Milky Way we learnt several important facts about their mass 
loss.. Higher mass-loss rates are reached by more luminous and cooler stars, and the highest 
mass-losss rates exceed those derive from the single-scattering momentum transfer limit of L/c 
becausee the optical depth of the circumstellar envelopes of these obscured stars exceeds unity. 
Thiss was expected from theoretical considerations concerning dust-driven winds, but could only 
noww be confirmed by calculating mass-loss rates from stars with acurately known luminosities. 
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Redd supergiants pass through a distinct short episode of intensified mass loss at rates M ~ 10~3 

M 00 yr_1 that are higher than those of other, equally luminous red supergiants by two orders of 
magnitude.. It is only during these brief phases that red supergiants lose a significant fraction 
off their mantles through a stellar wind. The study of the maser characteristics of the most 
luminouss red supergiant in the LMC shed a better light on the kinematics of the winds of 
sub-solarr metallicity stars, and indicate a luminosity and metallicity dependence of the outflow 
velocityy as expected from first principles of dust-driven winds. Although the dust-to-gas ratios 
inn the circumstellar envelopes seem proportional to metallicity, the mass-loss rate does not 
dependd on metallicity over at least one order of metallicity range. This is important when 
takingg into account AGB mass loss in the calculation of stellar, galactic and chemical evolution. 

11.22 Futur e 

Thee sample of obscured AGB stars that we have been able to study may well be the mere tip of 
thee iceberg concerning the total population of AGB stars with mass-loss rates in excess of their 
nuclearr burning mass-consumption rates. As mentioned before, the majority of the IRAS point 
sourcess in the LMC that are candidates for being obscured AGB stars await exploration. These 
mayy include more luminous carbon stars, for instance. But it is perhaps equally interesting to 
realisee that there is a potentially large number of faint obscured AGB stars, as indicated by 
thee results from our searches for near-IR counterparts of IRAS sources. These stars have been 
missedd in optical and near-IR surveys. Are these stars carbon- or oxygen-rich? 

Whatt are the masses of obscured AGB stars? These may be measured for cluster members 
fromm the cluster ages. I have acquired the necessary observational data for two small clusters 
thatt each contain an obscured AGB star: the carbon star IRAS06025-6712 (see Introduction) 
andd the luminous OH/IR star IRAS05298-6957, and I have been granted observing time at 
thee NOAO facility at the South Pole to search for obscured AGB stars in populous clusters 
withh ages of 107-10 yr in both the SMC and LMC. 

Forr only a few of the obscured AGB stars spectral subtypes and hence effective temperatures 
aree known. We already have obtained optical spectra for several more obscured AGB stars in 
thee LMC, and results will come out of this soon, expected to improve our knowledge about the 
connectionn between stellar temperature and mass loss. 

Howw is mass loss related to stellar pulsation, and how do the pulsation characteristics change 
duringg the evolution along the AGB? To this purpose I have chosen to monitor two fields in the 
LMCC where a significant fraction of the AGB stars are known and spectroscopically classified, 
forr a period of more than two years. A near-IR survey that I conducted during the monitoring 
campaignn aids in determining the bolometric luminosities and mass-loss rates for these stars. 
Thiss study may clarify the evolutionary connection between different types of variability on the 
AGB,, and episodic variations in the mass loss. 

Thee study of populations of AGB stars — be it obscured or optically bright — has the 
prospectt of becoming an important tool in the study of the evolution of galaxies. Obscured 
AGBB stars contain masers that emit at radio wavelengths, where a high velocity resolution is 
obtainedd (~ 1 km s_1). Maser stars can thus be used to trace the gravitational potential in 
aa galaxy. In the near future this will become feasible for several Local Group galaxies. AGB 
starss also trace the star formation history of a galaxy over much of a Hubble Time, and may 
providee clues to understand the way some peculiar galaxies appear today, such as starburst 
galaxiess and interacting galaxies. 
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TIMM II  standard stars 

Onn 1995 December 4 and 5 we measured several standard stars in order to examine the quality 
off the currently available standard-star magnitudes. The results are presented in Table Al for 
thee broad- {N = NQ) and narrow-band {Nl>2,3) magnitudes. The Nu N2 and N3 filters are 
centredd at 8.4, 9.8 and 12.6 /xm, respectively (http://www.eso.org/proposals/timmi.html). We 
quotee the magnitudes that have been in use at ESO from a compilation by Koornneef & Yagnam 
(ESO,, 1985, unpublished) as well as more recent measurements, obtained with the ESO InSb 
bolometerr by van der Bliek et al. (1996). The bright stars a CMa (Sirius) and a Car (Canopus) 
weree adopted as standards for the broad- and narrow-band magnitudes, respectively; using the 
magnitudess given by van der Bliek et al. (1996). The stars 7 Ret and A Vel are suspected by 
Koornneeff & Yagnam to be variable. This would not be surprising for a giant of a spectral 
typee as late as M4 (7 Ret) or a late-type supergiant (A Vel). 

Byy studying the air-mass dependence of the differences between our photometry and that 
byy van der Bliek et al. (1996) we estimated the atmospheric extinction coefficients. For the 
No-bandd these coefficients were 0.50 and 0.46 mag air-mass-1 for the first and second night, 
respectively.. For the N,, N2 and N3-bands on the second night the coefficients were 0.36, 0.38 
andd 0.40 mag air-mass-1 respectively. 

Ourr observed magnitude for A Vel is in excellent agreement with those found by the above 
mentionedd authors, although it is a suspected variable. Late-type supergiants are generally less 
variablee than are AGB stars. There is less agreement about the magnitudes of a Car, a Hya 
(Alphard)) and especially 7 Ret. It is not likely that the discrepancy for 7 Ret has to do with 

Tablee A.1 Magnitudes of TIMMI standard stars: Bright Star Cataloguee entries, names, spectral types, magnitude band (N0, NltN2 or JV3) and 
magnitudes:: Koornneef & Yagnam {ESO, 1985, unpublished), van der Bliek et al. (1996) and our observations, with their \-a error esumates 
(wheree known). We adopted the magnitudes from van der Bliek et al. for a CMa (JV0) and a Car (Ni,2,3). 

BSCC entry 
HRR 1264 

HRR 2326 

HR2491 1 
HRR 3634 
HRR 3748 
HR3903 3 
HR4174 4 

Name e 
77 Ret 

QQ Car 

QQ CMa 
AVel l 
QQ Hya 
vv Hya 
7Cha a 

Spectrall type 
M4III I 

FOll l 

All V 
K44 lb-n 
K33 u-Hl 
G77 lll(b) 
M00 111 

magnitudee band 
No No 
Ni Ni 
NN2 2 

NN3 3 

No No 
Ni Ni 
NN2 2 

NN3 3 

No No 
NN0 0 

No No 
No No 
No No 

Koornneeff & Yagnam 
-0.71 1 
-0.65 5 
-0.73 3 
-0.80 0 
-1.52 2 
-1.51 1 
-1.52 2 
-1.45 5 
-1.41 1 
-1.78 8 
-1.30 0 

vann der Bliek et al. 
-0.733  0.03 
-0.644  0.02 
-0.744  0.01 
-0.822  0.02 
-1,466 2 
-1.455 2 
-1.477 2 
-1.444 2 
-1.400 2 
-1.777 2 
-1.300 1 

thiss paper 
-0.877  0.03 
-0.755  0.04 
-0.855  0.04 
-0.933  0.04 
-1.444 2 

adopted d 
adopted d 
adopted d 
adopted d 

-1.766 2 
-1.399 2 

1.744 2 
-0.144 4 
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thee differences in the spectral response functions of the bolometer and the camera: A Vel and 
77 Ret have similar spectral slopes within the N-band, as seen from their N1; N2 and N3-band 
magnitudess (Table A1). It is more likely that 7 Ret is indeed variable. Our No-band magnitude 
off a Car confirms the result by van der Bliek et al. (1996). Either this star is variable, or the 
magnitudee listed by Koornneef k Yagnam is incorrect. Van der Bliek et al. (1996) do agree 
withh Koornneef k Yagnam on the N0-band magnitude of a Hya, whereas we measure it to be 
brighterr by 0.09 mag. The SAAO NIR standard stars v Hya and 7 Cha (Carter k Meadows 
1995)) have been observed for the first time in the N-band, and they may be suitable for use as 
standardd stars if they are confirmed to be non-variable. Both are fainter than the standards 
currentlyy in use. 

Wee conclude that it is difficult to obtain photometric accuracies better than ~5 or 10% in 
thee N-band with TIMMI, as the accuracy is limited by the reliability of the available standard 
starr values. The error in an individual measurement for a star with JV between ~ 3 and ~ 4 
magg is dominated by the uncertainty in the adopted magnitude of the standard star used. 
Measurementss of stars fainter than N ~ 6 mag are dominated by the intrinsic noise in the 
measurement.. Together with uncertainties involved in the extinction correction, this combines 
withh the internal noise on an individual measurement into the l-a error estimates given in 
Tablee 3.1. 
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IRR colour relations 

Wee have investigated the IR colour relations for the J, H, K and L-bands in the SAAO pho
tometricc system, and the IRAS 12 and 25 //m bands. We define [12] = -2.51og(S12/28.3) 
andd [25] = -2.51og(S25/6.73), where Sl2 and S25

 a r e t h e flux densities in Jy at 12 and 25 
//m,, respectively (IRAS Explanatory Supplement 1988). The SAAO L-band has an effective 
wavelengthh of 3.45 /mi. 

Wee plot the (J - H), (K - L) and ([12] - [25]) colours versus the (H - K) colour (Fig. Bl). 
Thee dotted lines are linear fits to the data points: 

// {J-H) \ ( 0.51  0.43 \ 
{K-L){K-L)  = 0.12 0 + 

([12]-[25])) j V 1-57 9 
// 1.08 7 \ 

1.155 9 

VV o ) 
x{H-K)x{H-K) (B.1) 

Cohenn et al. (1981) showed that the {H - K) and {J-H) colours of optically visible carbon 
starss in the Milky Way are correlated, from which we derive on the SAAO system (Carter 

1990): : 
(J-K)(J-K) = 0.76 + 1.95 x{H-K) (B.2) 

Theyy explained the correlation as a result of line blanketing by molecular absorption bands. 
Fromm Costa & Frogel (1996) we derive a correlation between their (J-K) and {H-K) colours, 
transformedd to the SAAO system (Carter 1990), for optically visible carbon stars in the LMC: 

(JJ - K) - 0.77 + 1.83 x (H - K) (B.3) 

Thee selected sample of Milky Way stars from Guglielmo et al. (1993) yield, after transformation 
too the SAAO system (Carter 1990), for the obscured carbon stars: 

(J-K)(J-K) = (0.81  0.29) + (2.29  0.03) x (H - K) (B.4) 

andd for the obscured oxygen stars: 

(j-K)(j-K)  = (0.70  0.26) + (2.43  0.03) x (H - K) (B.5) 

Forr the obscured AGB stars in the LMC we derive: 

(j(j  - K) = (0.51  0.43) + (2.08  0.17) x {H - K) (B.6) 
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Figuree B.l: (J - H) (a), {K - L) (b) and ([12] - [25]) (c) colours versus (H - K) colour for 
thee stars of our sample. The dotted lines are linear fits to the data. 
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Figuree B.2: A' (a), ( # - A') (b), N (c) and (A' - [12]) (d) as a function of absolute bolometric 
magnitudee for the LMC stars (squares, dotted in the case of lower limits to the N-band mag
nitudess and upper limits to the (A - N) colours, respectively), SMC stars (triangles) and VV 
Tucc (circle). The dotted lines are linear fits to the LMC data (see text). 
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Wee plot K and N-band magnitudes and {H-K) and (A"-[12]) colours versus the bolometric 
luminosityy (Fig. B2). The dotted lines are linear fits to the LMC data points (we also include 
thee stars with N-band lower limits, to diminish bias): 

{{ , K ^ 
(H-K) (H-K) 

N N 
\(K-N)\(K-N) J 

// 18.9 0 \ 
3.66  0.6 

10.66 4 
VV 8.4 1 / 

+ + 

(( 1.35 6 ^ 
0.299 6 
0.877 0 

VV 0.47 8 I 

xx A/, bo! ! (B.7) ) 

Bolometricallyy fainter stars are relatively fainter in the K-band and relatively brighter in the 
N-band,, yielding larger (K - [12]) colours. Their (H - K) colours are also larger, indicating 
thatt fainter stars are optically thicker: at equal mass-loss rates, they have smaller inner radii 
off the CSEs, and consequently larger dust column densities than the more luminous stars. 
Thuss fainter stars have fainter K-band magnitudes due to increased circumstellar opacity, and 
brighterr N-band magnitudes due to increased circumstellar dust emission. 
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ISOO photometry 

C.ll  CAM 12 fim imaging-photometry 

Thee ISOCAM images were corrected for the dark image valid for the corresponding revolution 
andd orbital position of the spacecraft, and corrected for glitches using the multiresolution me
diann transform method. Although the current dark subtraction algorithm produces satisfactory 
results,, we nonetheless also applied our own IDL routine that optimises the dark subtraction by 
appropriatelyy scaling the dark and flatfield images in a rectangular annulus leaving a 12 x 12 
pixell area centred at the stellar position on the array. The dark subtraction was improved 
slightlyy in some cases, whereas for the majority of the observations there was no significant 
difference.. For each pixel, we applied a K-O rejection criterion to the evolution of the signal in 
time:: values that deviate more than 2 a from the time-average were rejected. The images were 
dividedd by the default calibration flatfield image to correct for the array pattern in the pixel 
responsivities,, and time-averaged. 

Pointt source photometry was performed on the final image, using our own procedures writ
tenn within the Munich Interactive Data Analysis Software (MIDAS). We measured the flux 
densityy within a circular area (software aperture) around the stellar position, and subtracted 
thee background flux density level determined from a concentric circular annulus between 12 and 
144 pixels radius from the stellar position — excluding the pixels near the edge of the 32 x 32 
pixelss array where vignetting is evident. We repeated this for different software aperture radii, 
too create a magnitude profile (MP) of the stellar flux density versus radius. We used the 23 
brightestt stars — with flux densities ranging from 0.06 to 0.8 Jy — to create a template MP. 
Comparisonn of the individual MPs of the stars with the template yielded differential MPs. 
Wheree the differential MP is constant with radius, reliable differential magnitudes can be de
termined.. We adopt the standard deviation in these points as \-a errors on the differential 
photometry.. The strength of the MP-method is the estimation of photometric errors, as well 
ass the selection of the part of the MP that best resembles the PSF. Calibration of the template 
MPP was done using the calibration conversion 4.13 ADU s"1 mJy - 1 (OLP V7 calibration). The 
templatee MP was consistent with a synthetic MP created from the known PSF, and indicated 
ann uncertainty of ~ 1 mJy. 

Alll target stars were detected unambiguously, except for SHV0522023-70124 which was 
marginallyy detected. Most were well centred — within about 10" — but IRAS05113-6739 (last 
epochh only), IRAS05295-7121 and TRM45 were off by 20 to 30". Seven stars were accompanied 
byy generally weaker additional point sources within the image: HV12501, SHV0500193-681706, 
0500233-682914,, 0502469-692418, and 0535442-702433, and TRM72 and 88. All of these 

157 7 



158 8 AppendixAppendix C 

starss are either HV, SHV, or TRM sources, and the nature of the additional point sources 
remainss a mystery. 

C.22 PHOT-P 12 and 25 fim chopped measurements 

Thee measurements each consist of 4 Destructive Readouts (DRs), with 127 Non-Destructive 
Readoutss (NDRs) per ramp. All DRs and the first 8 NDRs per ramp were discarded, because 
thesee read-outs are considered unreliable due to the strong impact of the detector reset. The 
signall corresponding to the source intensity is derived from the slope of the integration ramp. 
Thee ramps were linearised to correct for non-linearities in the CRE (Cold-Read-Out Electron
ics)) output voltages and debiasing effects, which mainly affect the long wavelength detectors. 
Wee attempted to remove glitches resulting from the impact of high energy particles by applying 
thee two-threshold median filtering technique, using distributions of 32 data points, three iter
ations,, and thresholds of three standard deviations for flagging and re-accepting. The ramps 
weree subdivided into four sections, so as to be more selective in discarding erroneous read-outs. 
Thee first 50% of the signals per chopper plateau were discarded to enable the detector response 
too stabilise at the level of the source flux density. The chopper plateaus were then treated sepa
ratelyy in deglitching the signals. This was done by running a bin with a width of 8 signals over 
thee chopper plateau, taking individual steps, and iterating twice: after maximum/minimum 
clipping,, signals were discarded if they were off by more than three standard deviations. A cor
rectionn was applied to account for the signal dependence on the reset interval which was used 
forr the read-out sampling. The expected dark current for the orbital position of the spacecraft 
wass subtracted from the data. The differences between on-source and interpolated background 
signalss were corrected for signal losses due to the rapid chopping. 

Thee main source of concern is that the detector response is not constant over time, and 
dependss on the history of the detector illumination and on the levels of source and background. 
Therefore,, careful modeling of the detector behaviour is needed to determine the true source-
backgroundd signal. At present the quality of our data and the degree of understanding of 
thee detector characteristics is insufficient to allow for such an advanced data reduction. We 
optedd instead for a simpler approach, that also conforms better with the way the standard star 
observationss and flux-density-calibrations were done. 

Thee in-band power was calibrated using the responsivity as derived from an FCS1 internal 
calibratorr measurement reduced in the same way as the scientific measurement, except that 
backgroundd subtraction and chopper frequency correction are not applicable. The ratio of the 
responsivitiess determined from FCS1 and default varies between 0.8 and 2.8, averaging 1.4 
aroundd orbit 200 and 2.2 around orbit 700. We therefore feel that the FCS1 values reveal 
thee complex detector-history dependence of the responsivity, and hence should be applied to 
calibratee the in-band power, instead of using the recommended default responsivity for chopped 
observations. . 

Finallyy the median flux density was extracted, correcting for the point source flux den
sityy outside of the aperture. The l-a errors are estimated by quadratic summation of the 
fluxflux density uncertainty and the error in the responsivity value. The 25 /zm flux densities of 
IRAS05113-6739,, IRAS05295-7121 and TRM45 have almost certainly been under-estimated 
duee to off-centering of the source with respect to the ISOPHOT aperture (see the previous 
subsectionn about the CAM imaging). 
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C.33 PHOT-C 60 iim chopped measurements 

Observationss at a wavelength of 60 /im are severely hampered by the complex and bright sky 
backgroundd compared to the flux density of a typical point source in our sample. The sky in 
thee direction of the LMC varies on a spatial scale of a few arcminutes, due to the presence 
off molecular cloud complexes within the LMC which are much brighter than circumstellar 
envelopess at 60 /xm. This scale is not much larger than the PSF for a telescope under 1 m 
diameter. . 

Thee measurements each consist of 4 DRs (8 for WOH G64), with the number of NDRs 
perr ramp depending on the expected flux density. Usually we chose 15, 31 or 63 NDRs per 
ramp,, but for IRAS04530-6916 and 05329-6708 and for WOH G64 only 7 and 3, respectively, 
weree chosen. All DRs were discarded, as well as the first 3 or 6 NDRs per ramp in case of 
311 or 63 NDRs per ramp, respectively (otherwise only one NDR per ramp was discarded). 
Thee ramps were linearised. If a sufficient number of data points were available, glitches were 
removedd by applying the two-threshold median filtering technique, using distributions of 16 
dataa points, three iterations, and thresholds of three standard deviations for flagging and re-
accepting.. The ramps were subdivided into four sections, provided there were at least four 
dataa points per subramp. The first 50% of the signals per chopper plateau were discarded. The 
signalss were deglitched by running a bin with a width of 16 signals over the chopper plateau, 
takingg individual steps, and iterating twice: after maximum/minimum clipping, signals were 
discardedd if they were off by more than three standard deviations. A reset-interval correction 
wass applied. The expected dark current for the orbital position of the spacecraft was subtracted 
fromm the data. A correction for vignetting of the 3 x 3 pixels C100 array was applied. The 
differencess between on-source and interpolated background signals were corrected for signal 
lossess due to the rapid chopping. This correction is very large — a factor of 2.75 — and rather 
uncertainn (35%). 

Thee in-band power was calibrated using the responsivity as derived from an FCS1 internal 
calibratorr measurement done immediately after the scientific measurement. The FCS respon-
sivitiess were found to resemble the pixel response pattern in the scientific measurement better 
thann the default responsivities did. The FCS measurement was reduced in the same way as the 
scientificc measurement, except that vignetting correction, background subtraction and hence a 
chopperr frequency correction are not applicable. The ratio of the FCS1 and default responsiv
itiess varied between 0.8 and 2.0, around a median of 1.3 and with a standard deviation of 0.3. 
Itt varied from orbit to orbit and within an orbit, but with no clear time dependence — except 
thatt it was larger after orbit 190 than before. This behaviour closely resembles that seen for 
thee PHOT-P detectors. 

Finallyy the median flux densities of the pixels were extracted. The median value of the eight 
pixelss surrounding the central one was subtracted from the central pixel value. Knowing that 
thee central pixel contains 66.35% of the total flux density of a well-centred point source, and the 
entiree C100 array contains 91.75%, a correction factor of 1.5835 was applied. The (internal) \-o 
errorss are estimated by quadratic summation of the error in the value for the central pixel and 
l/v/88 times the median of the differences between background pixels and their median. This 
doess not take into account the uncertainty in the absolute flux-density calibration. The flux 
densityy of IRAS05295-7121 has almost certainly been under-estimated due to off-centering of 
thee source with respect to the ISOPHOT aperture (see the earlier subsection about the CAM 
imaging). . 
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C.44 PHOT-C 60 /j,m mapping observations 

Thee measurements each consist of 64 DRs, with 63 NDRs per ramp (128 DRs and 31 NDRs 
perr ramp for IRAS05402-6956 and WBP14). All DRs were discarded, as well as the first 
33 or 6 NDRs per ramp in case of 31 or 63 NDRs per ramp, respectively. The ramps were 
linearised.. Glitches were removed by applying the two-threshold median filtering technique, 
usingg distributions of 32 data points, three iterations, and thresholds of three standard devia
tionss for flagging and re-accepting. The ramps were subdivided into four sections. The first 4 
read-outss per raster point were discarded. The signals were deglitched by running a bin with 
aa width of 64 signals through the raster point, taking individual steps, and iterating twice: 
afterr maximum/minimum clipping, signals were discarded when they were off by more than 
threee standard deviations. We applied the stability recognition method to derive the signal 
mostt likely to be near the true, stabilised one: a bin with a width of 64 signals was run over 
thee measurement, with intervals of 32 signals, and only data within a confidence level of 0.95 
weree kept. A reset-interval correction was applied. The expected dark current for the orbital 
positionn of the spacecraft was subtracted from the data. The 3 x 3 pixels array was corrected 
forr vignetting. 

Thee in-band power was calibrated by interpolating the responsivities derived from FCSl 
internall calibrator measurements made before and after the scientific measurement. Use of the 
twoo FCS measurements was found to correct (in part) for drift behaviour of the signal, which 
wass not the case if default responses were used. The FCS measurements were reduced in the 
samee way as the scientific measurement, except that a vignetting correction is not applicable 
andd 16 data points were used for signal deglitching and stability recognition. Finally the median 
fluxflux densities of the pixels were extracted. 

Thee values of the eight pixels surrounding the central one were replaced by their median 
valuee and added to the central pixel value. The values of the sixteen pixels along the rim of the 
mapp were also replaced by their median value, and this was taken to be the sky background 
too be used for correcting the total flux density in the inner 3 x 3 part of the map. Knowing 
thatt the central pixel contains 66.35% of the total flux density of a well-centred point source, 
andd the entire C100 array contains 91.75%, the outer sixteen pixels contain a fraction of the 
fluxflux density that is somewhere between 0 and 8.25%. Assuming this fraction to be 4.125%, 
aa factor of 1.1182 is derived to correct the background subtracted flux density for the stellar 
fluxflux density contained in the outer sixteen pixels. The (internal) \-a errors are estimated bi
quadraticc summation of the error in the value for the central pixel, 8/>/8 times the median of 
thee differences between the eight surrounding pixels and their median, and 9/>/Ï6 times the 
mediann of the differences between the outer sixteen pixels and their median. The error in the 
valuee for the central pixel was determined by the median of the differences between the values 
forr the pixels that were centred on the star over the course of the mapping, and their median. 
Thee error estimate does not take into account the uncertainty in the absolute flux-density 
calibration. . 



Appendixx D 

ISOO spectroscopy 

D.ll  CAM-CV F spectrophotometry 

Thee CAM-CVF cube (X, Y, A) was corrected for the dark image using a model for the de
pendencee on the revolution and orbital position of the spacecraft, and corrected for glitches 
byy applying a multiresolution median transform. For each pixel, we applied a n-a rejection 
criterionn to the evolution of the signal in time: values that deviate more than 2 a from the 
time-averagee were rejected. Attempts to correct for the transient behaviour of the signal by ap
plyingg various models yielded results no better than this method. The images were divided by 
thee default calibration fiatfield image to correct for the array pattern in the pixel responsivities, 
andd time-averaged. 

Thee spectra were constructed by obtaining photometry from the images that each corre
spondd to a different position of the CVF. For each target we integrated the signal over the 
pixelss that were significantly above the background level. The number of pixels was limited to 
avoidd sampling excessive background, and ranged from 1, for the faintest, to 9, for the brightest 
sources.. The short- and long-wavelength parts of the CVF were treated separately because the 
starr was often centred at a slightly different position on the array. The background level was 
determinedd by taking the median value within a three-pixel wide circular annulus around the 
star,, with an inner radius of three pixels. The stellar flux density was corrected for the wave
lengthh dependence of the PSF. This correction was derived by doing photometry on the PSF 
withh equivalent integration areas but inversely proportional to the wavelength. The first few 
(~~ 4) spectro-photometric points are prone to have flux densities that are over-estimated due to 
stabilisationn difficulties when the CVF scanned from the shortest towards longer wavelengths. 

D.22 PHOT-S spectro-photometry 

Thee measurements each consist of 4 or 8 DRs, with 127 NDRs per ramp, except for WOH G64 
(166 DRs and 63 NDRs per ramp). All DRs were discarded, as well as the first 12 NDRs per 
rampp (6 in case of WOH G64). Glitches were removed by applying the two-threshold median 
filteringfiltering technique, using distributions of 32 data points, three iterations, and thresholds of 
threee standard deviations for flagging and re-accepting. The ramps were subdivided into four 
sections.. The first four signals per measurement were discarded. The signals were deglitched by 
runningg a bin with a width of 16 signals over the chopper plateau, taking individual steps, and 
iteratingg twice: after maximum/minimum clipping, signals were discarded when they were off 
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Figuree D.l : The CAM-CVF background emission spectrum. Open symbols represent spectro-
photometricc points that are prone to have flux densities that are over-estimated due to stabili
sationn difficulties. The spectral shape is best represented by the solid symbols (squares for the 
short-,, disks for the long-wavelength region). The background emission actually arises from the 
zodiacall dust belt in our Solar system. 

byy more than three standard deviations. The stability recognition method was applied, using 
ann 8-signals wide bin and intervals of 4 signals, keeping only data within a confidence level of 
0.95.. The time evolution of the signal for each pixel was checked by eye, and obviously bad 
dataa that had passed the earlier rejection criteria were removed by hand at this stage. The 
expectedd dark current for the orbital position of the spacecraft was subtracted from the data. 

Thee in-band power was calibrated using the default responsivities expected for the orbital 
position,, and finally the mean flux density was extracted, taking into account the amount of flux 
densityy lost outside of the aperture. Note that the wavelength dependence of the responsivity 
showss a bump around 3 /jm. When applied to the spectrum of a star, this could introduce 
ann artificial spectral feature which might be interpreted erroneously as absorption due, for 
instance,, to H 2 0 ice. 

Thee PHOT-S observations did not include a separate measurement of the background. We 
usedd the average of the background spectra measured in the CAM-CVF images (Fig. Dl , er-
robarss indicate the standard deviation in the set of 12 spectra). This spectrum was used 
forr wavelengths > 8 /um, and interpolated linearly below 8 /im to a value of zero at 5 /im 
(att shorter wavelengths the background is assumed to be negligible). We ignore the first 4 
stepss of the CVF filter wheel, that are usually not stabilised. The background is predom
inantlyy emission from the zodiacal dust belt in our Solar System. Because of the annual 
modulationn of the zodiacal light level in a particular direction of the sky, the weekly all-sky 
mapss produced by the DIRBE instrument onboard the COsmic Background Explorer (COBE) 
(http://www.gsfc.nasa.gOv/astro/cobe/#dirbe)) were used to scale the background spectrum 
too the epochs of the PHOT-S spectra (see Abraham et al. 1998). The COBE/DIRBE 12 ;im 
surfacee brightnesses for our CVF and PHOT-S observations have standard deviations of 5.5 
andd 5.9%, respectively. The CVF background spectra yield a standard deviation at 12 /zm of 

http://www.gsfc.nasa.gOv/astro/cobe/%23dirbe
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9.1%.. Although the CVF and COBE/DIRBE do correlate, the spread in the CVF background 
exceedss the variation in the zodiacal light, suggesting that variations in the background emis
sionn from the LMC is discernible in our data. The scaled background spectrum is subtracted 
fromm the PHOT-S spectra, that were obtained through a 24" x 24" aperture. 

IRAS05112-67555 was observed twice. The spectra look identical, except that the second is 
aa factor 1.5 brighter than the first, independent of wavelength, whilst the near-IR flux densities 
onlyy differed by ~10%. Pointing thresholds were 10" and 2", respectively, and the star may have 
beenn close to the edge of the aperture during the first observation. Flux density levels in the 
PHOT-SS spectrum of IRAS05298-6957 may have been under-estimated due to off-centering 
off the star in the PHOT-S aperture. The PHOT-S spectrum of IRAS04496-6958 is fainter 
thann the CAM-CVF spectrum, whereas for IRAS05558-7000 the reverse is true. This may 
bee a result of variability, as seen from the near-IR photometry at the epochs of these ISO 
observations. . 
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Samenvatting g 

Alss sterren met een massa tussen ongeveer 1 en 8 keer de massa van de Zon tegen het 
eindee van hun brandstof voorraad geraken, zwellen ze zo sterk op dat als de Zon dat zou 
doenn ze met gemak de Aarde zou verzwelgen. De buitenkant van zulk een ster wordt erg koel 
(nogg altijd tussen 2000 en 3000°C) en ziet er daardoor rood uit: een Rode Reus. Ze blijven 
helderderr worden, tot duizenden keren zo helder als de Zon nu is. Dit evolutie stadium heet de 
Asymptotischee Reuzentak ("Asymptotic Giant Branch", AGB) en kan gezien worden als het 
sterfbedd van de ster: AGB sterren verliezen meer dan de helft van hun massa totdat alleen een 
kleinee harde pit overblijft, een Witte Dwerg, die langzaam afkoelt en uitdooft. 

Hett massaverlies van AGB sterren wordt waarschijnlijk veroorzaakt door een combinatie 
vann het periodiek uitdijen en inkrimpen (pulseren) van de buitenlagen van de ster, en het 
vormenn van stof rondom de ster waardoor het sterlicht het uitgeworpen materiaal als in een 
windd kan wegblazen. Hierdoor verrijken AGB sterren de ruimte tussen de sterren met nieuw 
gass en stof. Uit dit materiaal worden later weer nieuwe sterren geboren... en mogelijk ook 
planetenn waarop Leven kan gedijen. De pulsatie en de stofvorming zijn geen van beide volledig 
begrepenn fenomenen, en daarom is het nog niet mogelijk om uit te rekenen hoe snel een AGB 
sterr zijn massa verliest. 

Dee buitenlagen van AGB sterren borrelen als een pan kokend water. Dit proces heet convec
tiee en is nog niet goed begrepen. Hierdoor is het niet helemaal duidelijk hoe een AGB ster zich 
preciess gedraagt. Door de convectie kan, in speciale omstandigheden, nieuw materiaal (vooral 
koolstof)) dat is gevormd in de kern reactor in het centrum van de ster naar de zuurstofrijke 
buitenkantt worden getransporteerd. Aldus kan de ster veranderen in een koolstof ster. In zware 
AGBB sterren is de binnenkant van de convectielaag voldoende heet om het koolstof om te zetten 
inn vooral stikstof en zuurstof en in dat geval wordt de vorming van een koolstof ster verhinderd. 

Omm wat van een ster te weten te komen (helderheid, afmeting) is het belangrijk om de 
afstandd tot de ster te kennen. In de verzameling van miljarden sterren waar onze Zon aan 
deelneemt,, de Melkweg, is dat vaak niet goed mogelijk. De Melkweg heeft twee kleinere buren 
inn de vorm van de Kleine en Grote Magelhaense Wolken ("Small/Large Magellanic Cloud", 
SMC/LMC),, die elk voor zich miljarden sterren bevatten en waarvan de afstanden goed bekend 
zijn.. Ondanks het feit dat sterlicht dat we nu uit deze sterrenstelsels zien is uitgezonden in een 
verledenn toen er nog Neanderthalers en Mammoeten op Aarde rondliepen, staan de Magelhaense 
Wolkenn dichtbij ons. Dit maakt ze bij uitstek geschikt om de eigenschappen van individuele 
sterrenn te bestuderen en onderling te vergelijken. 

Veell is geleerd over AGB sterren door het zoeken naar en bestuderen van AGB sterren in 
dee Magelhaense Wolken. Omdat AGB sterren zich omhullen met stof is het echter vaak niet 
meerr mogelijk om de ster zelf te zien, en veel studies van AGB sterren gingen voornamelijk over 
dee sterren die nog niet zo sterk door omringend stof zijn verduisterd. Het stof rondom AGB 
sterrenn is warm (kamer temperatuur) en straalt daarom als een infrarood kacheltje. De in het 
beginn van de jaren tachtig gelanceerde satelliet IRAS was de eerste telescoop die gevoelig genoeg 
wass om het infrarode licht van het stof rondom massa verliezende AGB sterren te registreren. 
Sindsdienn is het mogelijk geworden om in stof gehulde AGB sterren in de Magelhaense Wolken 
tee bestuderen, en zo meer te weten te komen over de manier waarop deze sterren hun massa 
verliezenn en sterven. 
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Mijnn proefschrift gaat over het bestuderen van de stoffige AGB sterren in de Magelhaense 
Wolkenn die door de IR AS satelliet zijn geregistreerd. De eerste twee jaar heb ik dat gedaan 
vanuitt de Europese Zuidelijke Sterrenwacht ("European Southern Observatory", ESO) door 
vanaff de Aarde met verschillende waarneem technieken te proberen om de ster door het stof 
heenn te zien en de temperatuur en samenstelling ervan te bepalen, en om te meten hoe veel 
materiee er door de ster wordt uitgestoten en hoe snel dat gebeurt. Daarna, in Amsterdam, 
hebb ik de mogelijkheid gekregen om nog beter deze sterren en hun stofschillen te onderzoeken 
mett behulp van een enorme hoeveelheid waarnemingen gedaan met de opvolger van IR AS, de 
infraroodd satelliet ISO. 

Hett blijkt dat een hoop (een paar honderd in totaal) AGB sterren in de Magelhaense Wolken 
niett eerder zijn opgemerkt vanwege het omringend stof dat hen verduistert. Omdat het vooral de 
verduisterdee AGB sterren zijn die op het eindpunt van hun leven zijn aanbeland en waarvoor het 
massaverliess belangrijk is geworden, gaat het om sterren van een belangrijk soort dat voorheen 
nogg niet goed kon worden bestudeerd. Ik heb ongeveer vijftig verduisterde AGB sterren in 
detaill bestudeerd, en van nagenoeg allemaal ben ik te weten gekomen hoe helder ze zijn en 
watt de samenstelling van hun buitenkant is (zuurstofrijk of koolstofrijk). Het blijkt dat, in 
tegenstellingg tot wat lang was gedacht, ook zware AGB sterren koolstofster kunnen worden, 
maarr alleen vlak voordat ze doodgaan. Er is dan nog kans om zuurstofrijk stof rondom de ster 
aann te treffen. 

Doorr het vergelijken van de verdeling van het door een verduisterde AGB ster uitgezonden 
lichtt over het gehele spectrum aan mogelijke kleuren, en door het vergelijken van de eigenschap
penn van de stofschillen rondom AGB sterren in de Magelhaense Wolken met die in de Melkweg, 
hebb ik hun massaverliezen kunnen meten en vergelijken. Heldere en koele AGB sterren blijken 
snellerr hun massa te verliezen dan zwakke en warme AGB sterren. Het meest intense massaver
liess dat voorkomt kan alleen worden verklaard als het sterlicht meerdere keren met het stof 
botstt voordat het uit de stofschü kan ontsnappen. Het massaverlies van een verduisterde AGB 
sterr domineert volledig de verdere evolutie: de ster verliest het grotendeel van haar massa nog 
voordatt de kern reactor merkbaar door de brandstof voorraad heen raakt. 

Dee wind waarmee een AGB ster het stof en gas wegdrijft heeft een hogere windsnelheid 
naarmatee het metaalgehalte hoger is. Metaal rijkere AGB sterren vormen meer stof. Maar 
ondankss het feit dat het metaalgehalte van sterren in de Magelhaense Wolken en de Melkweg 
meerr dan een factor tien uiteenlopen, lijken de totale massaverliezen (stof én gas) van deze AGB 
sterrenn niet af te hangen van het metaalgehalte. Dit is een belangrijk nieuw gegeven voor het 
begrijpenn van de evolutie van sterren en sterrenstelsels en de verrijking van de ruimte tussen 
dee sterren. 
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