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CHAPTERR 1 

Thee hidden lif e of massive stars 

Abstract t 

Thee topic of this thesis is the spectral analysis of infrared light from massive stars. 
Thesee stars represent only a very small fraction of all stars, by number and by 
mass.. However, they are disproportionately important as they are the primary source 
off  mechanical energy, ionising radiation, heating and chemical enrichment of the 
interstellarr medium, thereby regulating the star formation rate of their host galaxies. 
Althoughh they attract much attention, massive stars are still poorly understood. One 
off  the most persistent unsolved problems, also one of the most enigmatic in stellar 
astrophysics,, is that of their formation and early evolution. Simply stated, we do not 
knoww the answer to the question: how are massive stars made? Using near-infrared 
spectroscopicc observations, we study aspects of this puzzle. This approach is new. 
Thee near-infrared spectral window allows one to address the last phases of formation, 
andd the first phase of core hydrogen burning. Diagnostic methods applicable to this 
spectrall  window are developed and first results are presented. In this introductory 
chapter,, we will first summarise the definition and properties of massive stars. Then, 
wee wil l focus on the reasons why we do not understand the way in which massive 
starss form. As this does not discourage astronomers from proposing theories, the 
latterr are also reviewed and their pros and cons are discussed. Next, I present an 
overvieww of observations of what we expect to be massive stars in the process of being 
formed.. Finally, an outline of the studies presented in this thesis is given. 
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11 The hidden life of massive stars 

1.11 Massive Stars 

Massivee or high-mass stars are usually thought of as stars experiencing other 
stagess of quiet thermonuclear burning after the hydrogen and helium burn-
ingg phases (see for instance Chiosi & Maeder 1986). This is the case when 
theirr mass after formation is at least about 9 times the solar mass. When 
thesee stars form, they are deeply embedded in the giant molecular cloud that 
providess the material from which they are being made. This cloud material 
consistss mostly of gas, but is interspersed with a small component of solid 
statee material - termed "dust" - which is highly effective in absorbing ultra-
violett and optical light. This obscures them from view at those wavelengths 
wheree they emit the bulk of their light, which is an important reason why we 
knoww so littl e about how massive stars are made. Actually, the situation is 
evenn worse. It is estimated that at the time they become optically visible -
referredd to as the moment of "birth" - already some 10 to 20 percent of their 
mainn sequence life has passed (see Garmany et al. 1982, Wood & Churchwell 
1989a).. Unfortunately, by this time we no longer observe any signature (or 
remnant)) of the formation process. 

Whenn stars reach the main sequence they show a well-defined relation 
betweenn their mass, surface temperature, and luminosity. The least massive 
starss known are about 0.08 times the mass of our sun; the most massive ones 
turnn out to be initially over 100 solar masses (Appenzeller 1987). Newborn 
starss have surface temperatures which increase with mass and vary between 
~~ 2 000 K for the coolest and 45000 K for the hottest, most massive ones. 
Theirr luminosity (L) scales about proportional to the mass (M) to the third 
power,, ranging from roughly 0.01 to a few million times the solar luminosity. 
AA consequence of this mass-luminosity relation is that the lifetime of stars 
decreasess rapidly with mass, as r oc M/L. Massive O-type stars typically live 
aboutt 10 million years, compared to a 10 billion year lifetime for our sun. 

Observationss in our solar neighbourhood have revealed the presence of 
onlyy very few very massive stars. For instance, one has to travel a distance of 
aboutt 500 parsec to reach the nearest ~ 50 M 0 star, the 04 supergiant ( Pup-
pis.. This is reflected in the census of stars in the solar neighbourhood, which 
hass shown that the number of stars per unit mass interval is proportional to 
thee mass as M~ 2 35 (Salpeter 1955). Therefore, massive stars are extremely 
rare.. As star formation in our galaxy is confined to the Galactic disk, the 
largee distances to sites where also massive stars form imply that interstel-
larr extinction may be a serious problem, adding to that posed by extinction 
inn the giant molecular cloud. A final property of massive stars that needs 
mentioningg relates to their high photon flux at ultraviolet and optical wave-
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1.21.2 How do massive stars form? 

lengths,, a result of their high surface temperature and luminosity. This exerts 
ann outward directed radiation force on the gas in their photospheres, causing 
aa roughly spherical outflow of material. For the massive OB-type stars that 
wee can easily observe, the mass loss in this stellar wind scales proportional to 
thee stellar luminosity squared (e.g. Pauldrach et al. 1996, Vink, de Koter, & 
Lamerss 2001). The rate of mass loss turns out to be the prime parameter in 
thee evolution of high-mass stars, to the extent that it is expected to control 
theirr final fate, as either a neutron star or a black hole (e.g. Fryer &; Kalogera 
2001). . 

1.22 How do massive stars form? 

AA perfectly valid presumption would be to assume that high-mass stars form 
inn a similar fashion as low-mass stars. If one does so, one encounters two 
severee problems. The first has to do with the observed short formation times 
off  massive stars, the second is connected to the strong radiation fields of lumi-
nouss high-mass stars. We start with a brief review of the current paradigm of 
low-masss star formation. We then discuss the problems this scenario causes 
whenn applied to high-mass stars, as well as proposed solutions. Alternative 
wayss to form stars of high mass are also presented. 

1.2.11 Star formation 

Starr formation is more easily studied in stars of intermediate and low mass, 
ass these become visible well before they reach the zero age main sequence, 
representingg the moment when these completely homogeneous objects initi -
atee thermonuclear hydrogen burning. Though for these stars the process of 
formationn is also far from completely understood, reasonable consensus has 
beenn reached as to the mayor events that take place; the formation can be 
dividedd into five distinct phases (Shu et al. 1987). The birth of individual 
systemss starts with the formation of dense, slowly rotating molecular cores 
insidee a molecular cloud. Typically the cores that result from this fragmenta-
tionn process have masses of the order of 1 to 10 solar masses, sizes of less than 
aa parsec, and temperatures of about 10-20 K (see for instance Evans 1999). 
Thee cores are initially supported against gravity by magnetic and turbulent 
pressuree gradients, but at some point they will pass the brink of stability due 
too either an impulsive event, like a shock wave, or as the result of more gradual 
processes,, like the decay of turbulence or a break down of the magnetic fields 
byy ambipolar diffusion, starting a collapse from "inside-out". This marks the 
beginningg of the second evolutionary phase. Deeply embedded in the infailing 
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envelopee of gas and dust an opaque protostar with an initial radius of roughly 
55 AU wil l form which, as a result of conservation of angular momentum, will 
bee surrounded by a protostellar disk of dimensions 102 to 103 AU. The proto-
starr wil l grow in mass by accreting matter through this disk and may develop 
aa bipolar outflow along its rotational axis, marking the channels of weakest 
resistance,, through which matter and angular momentum may be expelled 
fromm the system. This is the third phase. In the fourth phase the protostar 
becomess brighter and hotter and gains the ability to disperse the surrounding 
materiall  by exerting photon pressure on dust. The dust grains collisionally 
couplee to the gas, and therefore will "drag" the gas out with them as they 
aree pushed away. Helped by the bi-polar outflow, the opening angle of which 
mayy widen with time, the infall of matter is terminated, leaving the protostar 
andd disk. Finally, the dust and gas in the circumstellar disk will be accreted, 
dispersedd and/or incorporated into a planetary system. The dispersal time 
off  both the envelope and disk is found to depend on the mass of the central 
star.. For instance, the fraction of young (pre-)main-sequence A and B stars, 
identifiedd by their position in the Hertzsprung-Russell diagram for which disks 
aree observed, appears to decrease with increasing mass (Natta et al. 2000). 

1.2.22 Core collapse 

AA seemingly logical supposition would be to assume that high-mass stars 
formm in a way similar to that of low-mass systems. However, there are two 
difficultiess in extending this theory to massive stars, each of which is often 
citedd as a coup de grace (insuperable shortcoming) for a core collapse mode 
off  high-mass star formation. Interestingly, recent new insights reveal a more 
positivee picture providing a better theoretical basis for this scenario. 

Thee first difficulty is that the rate at which mass falls in from the enve-
lopee toward the protostar is expected to depend only on the temperature of 
thee molecular core gas. Shu (1977) considered the quasi-static collapse of a 
singularr isothermal sphere, and found 

a33 / T \ 3 / 2 

M infalll = 0 . 9 7 5- = 4.36 x ÏO"6 f — J M ^ r " 1 (1.1) 

wheree a is the isothermal sound speed. The envelope infall rate is only an 
upperr limi t to the rate Macc at which the protostar accretes mass, as part 
off  the infalling material is again expelled from the system in the bipolar 
outflow.. Estimates yield that Macc ~ 0.5 Minfall for low-mass stars (Matzner Sz 
McKeee 2000). Observed temperatures of 10-20 K in regions of low-mass star 
formationn imply accretion rates of about a few times 10~6 M 0yr _ 1, consistent 
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withh the inferred values of the formation time rf ~ 2M/M infai i for low-mass 
starss in these regions (Lada 1999). 

Thiss is not the case for high-mass stars. Once a giant molecular cloud is 
producingg massive stars, the gas that is not yet taking part in star formation 
mayy be externally heated to temperatures of ~ 50-100 K, shortening the for-
mationn time. This does not alter the fact that the first massive stars that 
formm in a region will emerge from gas at 10-20 K and wil l have low accretion 
ratess and correspondingly long formation times. Anticipated formation times 
aree thus Tf > 106 yr. Comparison with observations of hot molecular cores 
(Osorio,, Lizano, & D'Alessio 1999; Nakano et al. 2000) suggest substantially 
smallerr timescales, n < 105 yr. An analysis based on observations of proto-
stellarr outflows suggests rf ~ 3 x 105 yr (Behrend & Maeder 2001). The small 
spreadd in ages (~ 1 x 106 yr) of stars in the Orion Nebula Cluster (Palla 
&&  Stahler 1999), where no evidence found that the higher mass stars have 
formedd systematically later compared to the lower mass population, sets an 
upperr limi t of Tf < 1 Myr in this case. So, the core collapse model seems to fail 
inn forming massive stars sufficiently fast. However, a recent re-investigation 
off  the standard accretion scenario (Eq. 1.1) incorporating the effects of su-
personicc turbulence and high pressures as observed in high-mass star forming 
regionss (Plume et al. 1997), yields mass accretion rates that result in forma-
tionn times of ~ 105 yr. It is also found that the accretion rate accelerates, 
reachingg final rates of ~ 10- 3 M 0yr _1 for the most massive stars (McKee & 
Tann 2002, 2003). Interestingly, this turbulent core collapse model only shows 
aa weak dependence of n on the final stellar mass, implying that low-mass and 
high-masss stars should form approximately at the same time. 

Thee second difficulty is feedback from massive stars. Since the Kelvin-
Helmholtzz contraction time TKH ~ GM2/RL of the protostar is less than 
thee accretion time for massive stars, they reach the zero age main sequence 
whilee accreting. Massive protostars are thus very luminous, and it has been 
suggestedd that the radiation pressure and ionisation they produce can halt the 
accretionn and determine the upper limit of the stellar mass function (Larson 
&&  Starrfield 1971, Kahn 1974, Wolfire & Cassinelli 1986, 1987). Actually, 
thiss feedback is so strong that it is impossible to form stars as massive as 
thosee observed if the accretion is assumed to be spherical. This may seem 
aa coup de grace for the core collapse scenario of high-mass star formation, 
butt recent results show that this need not to be so. Although indeed the 
collapsee is spherical far from the protostar, it wil l naturally proceed via a disk 
closee to the star owing to the angular momentum of the accreting material. 
Numericall  calculations of collapse accounting for the effects of rotation and 
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radiationn (see Yorke & Bodenheimer 1999, Yorke & Sonnhalter 2002) show 
thatt the formation of an accretion disk induces a non-isotropic distribution of 
thee stellar radiative flux such that the radiative acceleration is concentrated 
towardd the polar direction. Also, self-shielding by the disk further reduces the 
importancee of radiation pressure on the accretion flow, allowing the formation 
off  high-mass stars provided that the accretion rate is sufficiently large (Jijina 
&&  Adams 1996). If the disk accretion rate is at all slower than the envelope 
infalll  rate implied in the turbulent core collapse model discussed above (and 
whichh on average should be of order 10~4 M 0yr _ 1) , then material would pile 
upp to form a massive disk. It is clear that the disk mass will depend strongly 
onn the competition between envelope mass infall on the one hand, and disk 
accretionn and bi-polar outflow on the other. For a stable situation to exist, 
thee difference between the two can not be overly large, as otherwise the disk 
wouldd become violently unstable to self-gravitating perturbations (Adams, 
Rudenn & Shu 1989, Shu et al. 1990). 

1.2.33 Coalescence 

Thee difficulties discussed above have motivated the radical suggestion that 
massivee stars form via the coalescence of low-mass stars in order to achieve 
aa more rapid buildup of the final stellar mass (Bonnell, Bate, & Zinnecker 
1998a,, Bonnell & Bate 2002). This controversial, but interesting hypothesis 
too form massive stars is based on the realisation that stars form in a highly 
dynamicall  environment. Indeed, the collapse and fragmentation of a large 
molecularr cloud is a highly chaotic process as the dynamical time of the 
newlyy formed cluster is comparable to the formation time of the individual 
stars.. Thus, stars move around in the cluster while they are forming and 
mayy interact with other stars-to-be. However, given the typical densities of 
alreadyy formed young clusters this mode of massive star formation appears to 
bee a viable option only at the protostellar core stage, when the cross section 
forr encounters is sufficiently high (Stahler et al. 2000). 

1.2.44 Competitive accretion 

AA third proposed modus to form high-mass stars relates to the observation 
thatt they appear to show some preference to form in the centres of massive 
clusterss (Bonnell & Davies 1998b, Bonnell et al. 2001, see Clarke, Bonnell 
&&  Hillenbrand 2000 for a review). In these environments the masses of the 
coress that result from the fragmentation process are predicted to be only a 
smalll  fraction of a solar mass, i.e. much less than for the isolated core collapse 
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discussedd previously. This is too low for the formation of massive stars. Fur-
thermore,, in a cluster environment, the fragment mass, if proportional to the 
Jeanss mass, should be smallest in the centre of the cluster where the density 
iss highest, in direct contradiction with the observation that high-mass stars 
appearr to form in the dense central regions. This suggests that accretion of 
clusterr gas that is initially not taking part in the star formation process by 
thee cloud cores may play a crucial role in setting the final stellar masses (Zin-
neckerr 1982, Larson 1992). Such "unused" gas is abundantly present in star 
formingg clusters, as only some 10 percent of the giant molecular cloud mate-
riall  ends up in stars (Lada & Lada 1991). The remainder is dispersed into the 
interstellarr medium. As all cores are embedded in the same envelope of gas, 
theyy compete for the gas as they move through the region. Numerical simu-
lationss to model this process show that the accretion rates are higher in the 
centree of the cluster (Bonnell et al. 1997, 2001), to which the cluster poten-
tiall  funnels down the gas. Thus, this competitive accretion shows preference 
too form the most massive stars in the cluster centre and appears compatible 
withh the observed mass segregation in young stellar clusters. However, also 
thiss formation scenario of high-mass stars is not without problems. Notably, 
competitivee (Bondi-Hoyle) accretion is suppressed for stellar masses above ~ 
100 M 0 because of radiation pressure feedback (Bonnell et al. 1998b). 

1.2.55 Current status 

So,, what to make of this? Of the three proposed scenarios the turbulent 
coree collapse model provides us with a testable prediction, as the protostellar 
phasee is expected to be associated with the presence of a relatively massive 
circumstellarr disk. So far such disks have not been observed directly. Whether 
thiss implies that massive stars do not form in this way, or that their discovery 
hass been eluded due to observational or other complications, is unknown. 

Ann aspect of this problem that has not yet been discussed, but that may 
needd to be taken into account is that most massive stars are found in multiple 
systems.. At present stage, this does not allow to discriminate between the 
abovee scenario. Indeed, all of them may form multiple systems through frag-
mentationn of a massive accretion disk, failed protostellar collision (Zinnecker 
&&  Bate 2002) or Bondi-Hole accretion onto a lower-mass multiple system 
(Maederr & Behrend 2002). Recent simulation by Bate, Bonnell & Bromm 
(2002),, however, show that dynamical interaction in young dense stellar clus-
terss seems better at reproducing the observed multiplicity. 

Inn any case, the development of diagnostics that do allow the study of 
embeddedd young stellar objects and their circumstellar environment is clearly 
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desirable.. This quest is the topic of this thesis. The line of approach that 
II  follow is to focus on the near-infrared spectral window, which is the only 
windoww in which (also) the young stellar object itself can be observed directly. 

1.33 Observations of young massive stars 

Observationall  evidence of massive stars in the process of forming is still scarce. 
Besidess extinction issues and high-mass stars being rare, this is because mas-
sivee stars are born in clusters, hence studies of individual star forming systems 
aree usually affected by confusion, particularly because they are found only at 
farr greater distances from the Sun than the sites of low-mass star formation. 

Wee give a short review of the different observational classes of young 
massivee stars. The order in which they are presented is meant as a tentative 
evolutionaryy scheme, from young to older. Whether indeed this is the case 
remainss to be seen as considerable ambiguities may arise as the result of the 
complicatingg issues mentioned above. 

1.3.11 High-Mass Protostellar Objects 

high-masss protostellar objects (HMPOs) are the earliest observable stage of 
massivee star formation, encompassing all phases prior to that in which emis-
sionn from ionised gas is detected. 

Withinn this class, the most pristine stage is that of massive dense cold 
coress or massive starless cores, characterised by a low temperature (10-30 K) 
andd luminosity of order 104 L©(for instance Faundez et al. 1994). Only a few 
tenss have so far been observed, with sizes of about 0.5 pc, densities of a few 
timess 105 cm- 3 and masses inferred from dust observations of a few thousand 
solarr masses (Garay et al. 2003). These are millimetre sources without mid-
infraredd counterparts. Molecular line observations have shown velocities of 
typicallyy 6 km s_1 reflecting a highly turbulent medium. Some observations 
indicatee infall on large scales at rates on the order of 10- 3 M 0yr _1 (e.g. Wu 
&&  Evans 2003). Their density distribution varies a lot from one to the next, 
suggestingg that these media may be clumpy (Molinari et al. 2002). Massive 
coldd dense cores are likely the precursors of Hot Molecular Cores (HMCs). 

HMCss are compact (diameter < 0.1 pc), dense (n(H2) > 107 cm"3), 
andd warm (T > 100 K) molecular cloud cores that have large molecular line 
opticall  depths and high line-brightness temperatures when resolved. HMCs 
aree thought to be internally heated by the central massive protostar being 
formedd and are likely surrounded by an equatorial accretion disk and a massive 
bipolarr outflow along their spin axes. Even if the central object becomes hot 
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enoughh to emit a large ultraviolet photon flux, hot cores are not expected to 
producee a detectable H II region. This is because in this phase the mass infall 
ratee is still so large that it quenches the ionised circumstellar region (Yorke 
1984,, Walmsley 1995). Enclosing this small H n region is an optically thick 
dustt shell starting at the dust sublimation radius, at » 101 AU. The inner 
HH II region is too small to be detected by current instrumentation. Though 
thee innermost dust is hot, most of the dust is well below 100 K, with average 
valuess of ~ 30 K. Thus hot cores are expected to be brightest at about 100 ^tm, 
att which most of the emission escapes. The spectral energy distributions are 
broaderr than single temperature Planck functions (there contribution from a 
rangee of temperatures), and at infrared wavelengths are quite similar to those 
off  ultracompact H II regions (see below). 

Observationall  evidence for hot molecular cores is scarce, though this sit-
uationn is improving rapidly as more high-angular resolution infrared instru-
mentss are coming on-line (see for instance De Buizer 2003a). So far, only 
somee ten hot molecular cores have been proposed. These result from searches 
forr signatures of disks around infrared bright sources in high-mass star form-
ingg regions that show strong, poorly collimated molecular outflows (Garay& 
Lizanoo 1999, Shepherd 2001). Relatively well studied cases are the Orion-KL 
Hott Core (e.g Genzel & Stutzki 1989), W3(H20) (Turner & Welch 1984), and 
IRASS 23385+6053 (e.g. Molinari et al. 1998). They are located near ultra-
compactt H II regions and appear to harbour (proto)stars of 10 to 15 M©, and 
diskk structures with masses on the order of ~ 101 to 103 M© (Osorio, Lizano, 
&&  D'Alessio 1999). 

Observationall  evidence for the presence of these disks is still weak. It is, 
forr instance, not yet known whether the elongated, rotating structures seen 
inn high resolution observations of dust and molecular gas really represent dy-
namicallyy bound entities (Plambeck, Wright, & Carstrom 1990, Lester et al. 
1985,, Dougados et al. 1993, Zhang et al. 1998). Also, interferometric obser-
vationss of aligned methanol masers often found to have velocity distributions 
compatiblee with disks (e.g. Norris et al. 1998) need not necessarily point 
too the presence of disks, but may rather be tracers of outflows (De Buizer 
2003b).. A bright spot in this rather flimsy summary of disk evidence may 
bee the recent discovery of highly collimated jets in high-mass star forming 
regions.. Though spanning a much smaller spatial scale than bipolar outflows, 
thesee structures may provide indirect evidence that massive stars undergo 
ann intense disk accretion phase similar to low-mass stars, for which jets and 
intensee accretion are found to be linked (Beuther et al. 2003). 
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11 The hidden life of massive stars 

1.3.22 Ultracompact H n regions 

I tt is thought that the HMPOs discussed above are the precursors of ultracom-
pactt HII (UC H n) regions (e.g. Churchwell 2002). UC HII regions are located 
inn the inner, high-pressure parts of molecular clouds and are small (< 0.5 pc) 
andd dense (n(H2) > 104 cm- 3) . An example of an UCHu source is shown in 
Fig.. 1.1. Their spectral energy distribution is very similar to that of the hot 
cores,, i.e. they show strong dust emission peaking at ~ 100 /mi. However, 
theyy differ in that ultracompacts are often detectable at near-IR wavelengths 
(e.g.. Fig 1.3.2) and in the radio regime (where they have been discovered). 
UCC HII sources likely represent a similar stage as the Becklin-Neugebauer ob-
jectss (see Henning & Guertler 1986 for a review), which are often associated 
withh radio emission. The difference between the two may be mainly an issue 
off  nomenclature, i.e. that ultracompacts are traditionally discovered in the 
radioo regime and BN-objects in the near-infrared. The UCHu phase is the 
resultt of a strongly diminished mass-infall rate, reducing the extinction that 
radiationn suffers on its way out through natal molecular gas and dust. Pos-
sibly,, this implies that they are no longer accreting a substantial amount of 
masss (if any) and may have settled on the main sequence. 

Soo far, several hundred UC H n regions have been identified from radio sur-
veyss (e.g. Wood & Churchwell 1989, Kurtz, Churchwell & Wood 1994, Becker 
ett al. 1994). Improvements in observing strategy have recently resulted in 
thee definition of hypercompact Hll regions (Kurtz & Franco 2002). These are 
moree than an order of magnitude smaller and two orders of magnitude denser 
thann UCHu regions. Though such large differences in properties warrants 
aa new taxonomie classification, it is at present not clear whether they really 
representt a new class of objects. In particular, it is unclear if hypercompact 
regionss are very young UCHu regions that are still confined to very small 
sizess and high-densities - suggesting an evolutionary phase in between that of 
hott cores and UC HII regions - or if they are UC H n regions that formed in a 
particularlyy high density environment, and which may be relatively old (see 
Dee Pree, Rodriguez & Goss 1995). Hypercompact sources have no detectable 
near-IRR flux, and are picked up at millimetre wavelengths (rather than in the 
centimetree regime where the embedding medium is still optically thick). 

Thee above statement that the ionising star(s) of UCHu regions have 
essentiallyy reached their final mass, and have become normal main sequence 
stars,, should be taken with caution. First, because one may expect that it 
wil ll  take time to dissipate the disk after infall has ended. Estimated masses of 
diskss around hot molecular cores are tens to hundreds of solar masses (Garay 
&&  Lizano 1999). With final infall rates of order 10- 4 to 10- 3 M 0yr _ 1, disk 
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1.31.3 Observations of young massive stars 

Figuree 1.1: Near-infrared colour-composite of the Ultra Compact Hn region 
IRASS 15411-5352 (narrow-band filters positioned at 1.21 jum, 2.09 /xm and 
2.177 /iin). The Hn region is located at a distance of 2.8 kpc (from Kaper et 
al.. in prep.). 

dissipationn times of ~ few times 104 yr may be expected, though it should 
bee noted that when the disk mass becomes small, such that self shielding 
becomess inefficient, radiation forces may quickly disperse remaining material. 
Inn any case, a fraction of this disk material will be accreted onto the protostar. 
Second,, about two out of three UC HII sources show H2O maser emission 
(Churchwelll  1990). Some of these are found to expand away from the central 
sourcee (Genzel et al. 1981, Reid et al. 1988, Bloemhof et al. 1992). Though 
theree is considerable debate on the production site(s) and physical origin of 
H2OO masers in star-forming regions, they may be linked to the presence of a 
diskk (e.g. Torrefies et al. 1998). 

Concerningg the properties of the central stars themselves, recent results 
indicatee that some are indistinguishable from OB main-sequence stars (e.g. 
Watson&&  Hanson 1997, Martin-Hernandez et al. 2003), while others are dis-
tinctlyy different, showing the presence of very close circumstellar material 
(Bikk et al. 2003). 

1.3.31.3.3 High excitation compact H 11 "blobs" 

Inn a search for the youngest massive stars in the Magellanic Cloud galaxies, 
aa distinct and rare class of H II regions was found. These were termed high-
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excitationn compact H II "blobs" (HEBs; Heydari-Malayeri & Testor 1982). So 
far,, five such objects have been found in the Large Magellanic Cloud, and two 
moree in the Small Magellanic Cloud (see Heydari-Malayeri et al. 2001 for an 
overview).. These high-excitation blobs are small and compact (~ 1.5-3.0 pc 
inn diameter), in contrast to the typical H II regions in those galaxies, which 
aree extended structures of several tens of parsecs across, powered by a large 
numberr of exciting stars. Typically, HEBs suffer visual extinctions Ay ~ 5 
mag.. One of the least extincted regions is N81 in the Small Magellanic Cloud. 
Thee A\ < 1.5 mag of this region allows investigation of the stellar population 
att ultraviolet and optical wavelengths using the Hubble Space Telescope. It 
revealss a number of ~ 06-8 stars that are sub-luminous by up to ~ 2 mag 
comparedd to normal O-type main sequence stars (Heydari-Malayeri et al. 
2002).. They also show weak winds (Martins et al. 2003). At present it is 
unclearr whether their low mass-loss rates are compatible with those of normal 
OO stars, i.e. due to their reduced luminosity (see Sect. 1.1). The combination 
off  early spectral type and low luminosity makes that some of the least bright 
oness are on, or even at the left from the zero age main sequence (ZAMS). The 
latterr behaviour is difficult to explain in terms of an accretion scenario for 
thee formation of massive stars. Though numerical simulations show that the 
existencee of massive stars close to the ZAMS can be explained by assuming 
highh accretion rates (well in excess of ~ 10- 5 Moyr - 1) , it is not expected 
thatt this mechanism of massive star formation results in "blue straggler" like 
behaviourr (Bernasconi h Maeder 1996). If a more accurate determination 
off  the basic parameters of the massive stars in N81 confirms their position 
inn the HR-diagram, their position to the left from the ZAMS may support a 
formationn scenario involving coalescence (e.g. Benz & Hill s 1987, Bonnell et 
al.. 1998a). 

Finally,, some Large Magellanic Cloud O-stars show properties that are 
similarr to those of the stars in N81 (Walborn & Parker 1992, Walborn k 
Bladess 1997). These so-called Vz-type stars are also believed to be young 
starss just at or near the main sequence. 

1.44 Diagnostics from near-infrared spectroscopy 

Thiss thesis presents spectroscopic studies of massive stars at wavelengths in 
thee range from 1 to 4 /xm. Regarding the study of the formation and early 
evolutionn of massive stars, this spectral window has several unique properties. 
First,, dust extinction shows a wavelength dependence proportional to ~ A" 16 

att optical and near-infrared wavelengths (Cardelli et al. 1989), implying that 
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1.41.4 Diagnostics from near-infrared spectroscopy 

near-infraredd photons suffer much less from the presence of solid state ma-
teriall  than their optical and ultraviolet counterparts. This is illustrated in 
Fig.. 1.2, where we show the predicted spectrum of a star surrounded by a 
disk.. The top panel presents an unobscured view of the system; the bottom 
panell  show the system behind a circumstellar dust layer that extincts optical 
lightt by 20 magnitudes. The energy absorbed by the dust grains is re-emitted, 
causingg an emission bump peaking at about 100 //m. Note that it is the near-
infraredd regime that suffers the least from these effects. Consequently, in this 
spectrall  window sites of massive star formation that suffer unsurmountable 
amountss of visual extinction can still be probed. Indeed, for about half of the 
UCHlll  radio sources, near-infrared spectroscopic features originating from 
photosphericc and/or circumstellar gas can be identified (Hanson et al. 2002; 
Walshh et al. 1999). Subsequently, detection of the stellar photosphere allows, 
att least in principle, a direct determination of basic properties of the newly 
formedd stars, such as their luminosity class (log g), effective temperature and 
projectedd rotational velocity. Whether this can really be achieved depends 
onn the diagnostic potential of the spectral lines present, and requires careful 
calibrationn of such diagnostics using massive stars that can also be observed 
inn optical light. Third, the near-infrared spectral lines may potentially also 
containn information on the close circumstellar medium of young massive stel-
larr objects, such as spatial distribution (i.e. disk and/or wind) and kinematic 
propertiess (i.e. rate and velocity of inflow and/or outflow). 

Figuree 1.3 shows an example of the wealth of spectral lines present in the 
wavelengthh range from 2.4 to 4.1 jum. The observations that are presented 
havee been obtained using the Short Wavelength Spectrograph (de Graauw et 
al.. 1996) on board the Infrared Space Observatory (Kessler et al. 1996). 
Notee that only part of this spectral window can be observed by ground based 
facilitiess as a result of absorption of starlight by water vapour in the upper 
partt of the earth's atmosphere. The figures includes two spectra of B1.5IV 
stars,, one of which, K CMa, is known to have a circumstellar disk. Comparison 
withh a star known not to have a disk, A Sco, clearly shows that the disk gas 
completelyy changes the spectral appearance. This difference demonstrates the 
principlee and the potential of the near-infrared spectral window as a probe of 
stellarr and circumstellar properties, which is the topic of this thesis. 

Ass soon as the diagnostics alluded to above have been established - and 
thiss thesis takes a first step in that direction - specific questions regarding 
thee formation of massive stars can be addressed: do massive stars near the 
mainn sequence, embedded in UC HII regions, show signatures of circumstellar 
disks?? If so, are these disks remnants of the formation process or do they have 
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11 The hidden life of massive stars 
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Figuree 1.2: The top panel shows the spectral energy distribution of a massive 
starr with wind, the bottom panels shows the same object as it would be ob-
servedd behind 20 magnitudes of visual extinction. The dotted line represents 
contributionn from the star, the dashed line, from the wind, the dotted-dashed 
linee form the surrounding dust. The solid line shows the overall spectral 
energyy distribution. 

aa mass loss origin - such as the disks found around Be-type stars? What are 
thee properties of these disks, if found, and how do they evolve in time? When 
doess accretion stop and on what timescale do these disks dissipate? What are 
thee properties of the central stars in the UC HII phase of evolution? Do these 
qualifyy as "normal" O and B-type stars or are they indeed sub-luminous, 
featuringg weak winds, as has been suggested on the basis of studies of young 
massivee stars in the Magellanic Clouds (Heydari-Malayeri et al. 2002)? Do 
thesee young stars rotate near break-up speads? How do their stellar winds 
developp in time? Is the basic driving mechanism of these outflows the same 
ass in more evolved "naked" OB-stars? 

Thee work presented in this thesis takes some first steps towards answering 
thesee questions. 

O O 

o o 
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1.51.5 Outline of this thesis 
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Figuree 1.3: ISO/SWS near-infrared spectra of the B1.5IVne star ftCMa (with 
disk)) and the B1.5IV star ASco (without disk). The main spectral features 
aree identified. 

1.55 Outline of this thesis 

Att the end of this introductory chapter we give an outline of the studies 
presentedd in this thesis. 

1.5.11 Empirical diagnostics 

Inn the next chapter we present an atlas of near-infrared spectra obtained with 
thee Short Wavelength Spectrometer on board the Infrared Space Observatory 
inn the so-called "Post-Helium programme". The aim of this programme has 
beenn to obtain a homogeneous dataset of spectra of "normal" OB-type stars, 
ass well as spectra of Be-type stars and Luminous Blue Variables (LBV) be-
tweenn 2.4 and 4.1 /im. This spectral range includes the L-band window that 
cann be observed from the ground. Supplementing the ISO observations with 
L'-bandd data obtained with the United Kingdom Infrared Telescope on Mauna 
Kea,, Hawaii, allows for a systematic search for diagnostics of stellar and wind 
propertiess in the near-infrared following a similar strategy as used by Hanson 
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ett al. (1996, 1998) for the H and K band. It is found that the L'-band is 
welll  suited to characterise "normal" massive stars, as this window contains 
thee Bra, Pf7, and other Pfund series lines, which are good probes of spectral 
type,, luminosity class and mass-loss properties. 

AA key question in the search for remnant accretion disks around high-mass 
starss is how to constrain the spatial distribution of the ionized circumstellar 
gas.. The third chapter presents a simple diagnostic method to help to de-
terminee this geometry using a few well-chosen H I recombination lines in the 
L'' band. We show that this diagram results in a clear separation of LBVs, 
featuringg dense and roughly spherical winds; B[e] stars, thought to be sur-
roundedd by a flattened envelope; and Be stars, which show geometrically flat 
diskss in almost Keplerian rotation. This nice result provides a simple handle 
onn one of the most fundamental questions one wants to address in the study 
off  UC H ii sources: do they have disks? 

1.5.22 Predictions 

Inn chapter 4 we present a first calibration of the spectral properties of "nor-
mal""  O- and B-type stars using near-infrared lines, employing state-of-the-art 
modell  atmospheres (CMFGEN) developed by Hillier & Miller (1998). It is well 
establishedd that the circumstellar medium of these stars is characterized by a 
roughlyy spherical outflow of gas. Spherical symmetry is therefore assumed in 
thee models. We show that the spectral type of these stars - and hence their 
surfacee temperature - can be well established using the ratio of equivalent 
widthh of Hell and Hel lines in the J, H and K bands. Moreover, the mass-
losss rate characterizing the outflow can be derived accurately from the strong 
Braa line. 

AA logical parallel step in a modeling effort would be to also predict the 
near-infraredd emission line spectrum emitted by disk-like distributions of cir-
cumstellarr gas. So far, no codes exist that allow such predictions. Available 
diskk codes focus on reproducing Ha and H/3 only (e.g. Poeckert & Marlbor-
oughh 1978; Hummel 1994; Stee &; Araüjo 1994). I have taken a first step 
towardss the development of such a code. Unfortunately, the scope of this 
projectt is beyond that of this thesis. In a sense, this is a good thing, as it 
impliess that many new and exciting problems lay ahead. 

1.5.33 Application to NGC2024 

Thee last two chapters of this thesis result from the application of near-infrared 
spectroscopicc diagnostics to two massive stars located in the Flame Nebula 
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(NGC2024),, one of the four major nebulae of the nearby giant star-forming 
complexx Orion B. In Chapter 5, we present the identification of the ionising 
sourcee of this nebula, allowing us to accurately derive the extinction towards 
thiss region. 

Inn light of this discovery, we address the nature of another infrared source, 
NGC2024-IRS22 located at 5 "from IRS2b in Chapter 6. Though IRS2 meets 
thee definition of an UC H n, we show that it cannot be an ultracompact source 
inn the sense of its evolutionary definition, i.e. it is not a massive star complet-
ingg its formation. This problem of ambiguity in the definition of UC HII is 
referredd to in Sect. 1.3. Indeed, both the extinction and far-infrared emission 
observedd towards IRS2 do not originate in its direct surroundings, but are 
duee to the much larger dust cloud which lies outside of the already expanded 
HIII  region NGC2024. 

Usingg the empirical diagnostics derived in Chapter 3, we do find that the 
starr is surrounded by a circumstellar disk. This disk is more massive in com-
parisonn to those found around Be-type stars, and show densities sufficiently 
highh to provide such an effective shielding that CO molecules may form. We 
doo not find observational evidence for the presence of dust. This suggests 
thatt it is not a disk through which the star accretes material from a natal 
molecularr cloud, as in that case it is expected that its composition reflects 
thee dust rich molecular cloud environment. These findings suggest that IRS2 
iss likely a more evolved object than a UC H n source in the true evolutionary 
sense. . 

1.5.44 Conclusions and prospects for near-infrared spectroscopy 

Thiss thesis investigates the potential of near-infrared spectroscopy as a probe 
off  the properties of the population of massive stars that lie hidden behind 
largee amounts of dust extinction. The most important conclusions of this 
work,, as far as they relate to near-infrared diagnostics, may be summarised 
ass follows: 

Forr those embedded stars for which the stellar spectrum can be observed 
wee find that it is possible to derive a number of their basic parameters from 
near-infraredd spectroscopy. Concerning spectral type we find that O-stars may 
noo longer be characterised as those stars that show Hell lines, as the near-
infraredd lines are formed in a cooler part of the atmosphere. Both observations 
andd modelling show that for supergiant stars these lines disappear at spectral 
typee 08.5. The spectral sub-type of O stars can be estimated from most near-
infraredd windows. The most reliable determination being the one that uses 
thee H-band line ratio He 11.701 fim over He n 1.692 fim or the strengths of the 
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higherr Brackett series members present in this band. In case the extinction is 
extreme,, and the H-band is no longer observable, the properties of early- and 
mid-OO stars may be derived from the helium and metal lines in the K-band, 
or,, for late-O and early-B stars, from the hydrogen lines in the L'-band. The 
windd density can be quite reliably determined from the equivalent width of 
thee Bra line in the L'-band. 

AA detailed quantitative determination of the stellar and wind parameters 
fromm near-infrared spectroscopy requires the use of line-blanketed model at-
mospheress that incorporate stellar winds and that, ideally, treat the transition 
regionn between the photosphere and wind in a self-consistent way, i.e. models 
thatt solve the momentum equation explicitly. So far such models are not 
available.. They are, however, needed as most near-infrared lines are formed 
inn this region and are quite sensitive to the density stratification in this part 
off  the atmosphere. 

Ass for early-type stars that show an emission line spectrum that originates 
inn the circumstellar medium, it is possible to determine the spatial distribution 
off  the ambient gas on the basis of hydrogen line ratios located in the L'-band. 
Whenn the global geometry is known, one may then perform a more detailed 
analysiss using the most appropriate model. For instance, that for a spherically 
expandingg wind, or a flat or flared disk. 

Thee diagnostics derived and investigated in this thesis may be used to 
studyy dust embedded massive stars, though effects of nebular contamina-
tion,, excessive dust extinction and/or veiling due to strong dust continuum 
emissionn are to be expected. In order to tackle complications that may arise 
fromm these effects, high spatial photometric and spectral observations at wave-
lengthss beyond the near-infrared are essential. Prom mid-infrared wavelengths 
onee may, e.g., unambiguously determine the presence of dust in circumstellar 
disks.. Finding this dust would greatly help in identifying the nature of such 
aa disk, i.e. as either being an accretion disk (where dust is expected to be 
present)) or, for instance, a disk formed by rapid stellar rotation, such as are 
foundd around Be-type stars (where no dust is expected). Radio observations, 
sensitivee to ionised gas on larger scales than is probed in the near-infrared 
mayy also prove crucial in understanding the nature of disks. Unless the cir-
cumstellarr disk is very large and dense, the radio emission may be expected to 
originatee from outflowing material, such as a stellar wind, or from gas evap-
oratingg from the disk. This last possibility might explain the large mass-loss 
ratess deduced for very young massive stars such as Becklin-Neugebauer like 
objects. . 
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