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Chapterr 1 

Introduction n 
Thiss thesis focusses on the light that stars emit in the infrared part of the spectrum. It is 
nott until recently that this type of radiation is being investigated. The reason for this is 
thatt infrared light is mostly absorbed by the earth's atmosphere and only a limited num-
berr of spectral windows between 1 and 20 ̂ m are observable from the ground. With the 
launchh of the Infrared Space Observatory (ISO), in November 1995 and operative up to 
Mayy 1998, intermediate resolution spectra at infrared wavelengths between 2.4 and 190 
^mm could be obtained for the first time. I present ground-based as well as ISO observa-
tionss and studies exploring the diagnostic value of the infrared for our understanding of 
thee physics of early-type stars. 

Severall  important reasons exist to investigate the infrared spectra of O and B-type stars. 
First,, infrared radiation passes relatively undisturbed through dusty regions, where optical 
andd ultraviolet light suffer from large extinction. To quantify the relative importance of 
extinction:.. If the extinction in the optical is Av = 5 mag (a factor 100), the UV extinc-
tionn A(2000 A) = 10 mag (a factor ~ 104), while the IR extinction AR at 2.2 micron is 
onlyy 1 mag (a factor ~ 2.5). As stars are formed out of interstellar gas and dust clouds, 
starr formation sites are typically dust-obscured regions. This holds both for the small 
ultra-compactt HII regions as well as for the large starforming clusters. If one wants to 
investigatee the formation of OB-type stars, the infrared often offers the only possibility 
too do spectroscopy. The same argument holds if one wants to study massive stars in the 
galacticc center. The galactic centre is obscured through the dust in the spiral arms in the 
galacticc plane, and so stars near the Galactic center can only be studied in detail using the 
infraredd spectral range. 
AA second interesting reason to focus attention on the IR is that this spectral range offers 
aa unique opportunity to study an important part of the atmospheres of early-type stars, 
namelyy the outer photosphere and trans-sonic regions. These regions are extremely im-
portantt as it is from here that the stellar wind originates. It is in these layers that the 
prominentt infrared lines are formed. Not only does this systematic velocity field play a 
rolee in these outer atmospheric layers, but stochastic or turbulent motions may also exist. 
Forr instance, these turn out to be very important for one of the stars studied in detail in 
thiss thesis, r Scorpii. 
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Thee lines present in the near infrared need not necessarily be formed in the stellar atmo-
sphere.. They may also originate from material concentrated in a disc of relatively high 
densityy around the central star. This is a third reason why the IR is such an interesting 
spectrall  regime, it provides a probe of the circumstellar material. Some of the B-type stars 
studiedd in this thesis may have such discs orbiting the star in the equatorial plane. The 
mostt common among these are the Be-type stars. 

Thee formation mechanism of discs around B-type stars is not fully understood. Essen-
tiallyy the reason is that several processes may play a pivotal role in the formation of the 
disc.. These include mass loss in a radiation driven wind, rotation, radial and/or non-radial 
pulsationss and magnetic fields. Infrared studies may contribute to our understanding of 
thee disc formation. 

Thee above summary forms the justification of studying early-type stars in the infrared. 
However,, interpretation and analysis of IR spectra turns out to be complicated. For in-
stance,, in some cases it may not even be clear where the spectral line is formed, i.e. in the 
outerr regions of the atmosphere or in a circumstellar disc. This perhaps surprising prob-
lemm has to do with the physics governing the infrared line formation in OB-type stars, 
whichh is complex. Two reasons may be readily identified. 

(i)) The density in these outer atmospheric layers is rapidly decreasing, implying that the 
levelss forming the infrared transitions are no longer collisionally coupled. The stellar ra-
diationn field directly influences the excitation and ionization state of the gas, a situation 
referredd to as non Local Thermodynamic Equilibrium (non-LTE). This situation may re-
sultt in, e.g., emission lines. These are usually only thought to originate in material outside 
off  the star having a sufficiently large emission measure such as a (slowly rotating) disc. 

(ii )) As mentioned above, stochastic (turbulence, shocks) and systematic (stellar wind, ro-
tation)) velocity fields may be prominently present, influencing the line formation process. 

Inn this introductory chapter, I will first try to give a general overview of the history and 
currentt status of infrared spectroscopy. This overview is not intended to be comprehen-
sive,, but wil l focus on important milestones, the most recent one being the ISO mission. 
Next,, a summary of different types of OB stars will be presented, showing examples of 
thee infrared observations used for spectroscopic analysis. The important diagnostic lines 
wil ll  be identified. A brief description of the evolutionary state and relevant physical pro-
cessess of each of these type of stars wil l be given. In this way, a number of individual stars 
studiedd in detail in this thesis wil l be placed in the proper context. Finally, we will briefly 
revieww the essentials of the different methods of quantitative spectroscopy applied in the 
studiess constituting this thesis. As the physics involved is complicated and sometimes 
evenn poorly known, it is inevitable that these models contain assumptions. Some of the 
cruciall  ones wil l be mentioned. Note that in this work, significant effort has been spent 
investigatingg the validity of a number of these approximations. 
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Figuree 1.1. The atmospheric transmittance as calculated by the model MODTRAN by Gene 
Milonee (1999). The model spans the 1-30 /̂ m infrared range and assumes a nominal 1 mm of 
precipitablee water vapor for an observer at the summit of Mauna Kea, Hawaii. Transmittance is 
modeledd at 1.0 air mass. 

1.11 Infrared spectroscopy 

Inn the sixties and early seventies, ground-based observations in the near-infrared (NIR) 
weree restricted to the J, H, K, L and M band (1.25, 1.65, 2.2, 3.7 and 4.8 ^m respectively). 
Inn these windows the Earth's atmosphere is less opaque (see Fig. 1.1). Beyond these re-
gionss the atmosphere is almost entirely opaque (mostly due to H20 and C02) except for 
twoo windows in the 10 and 20 /im region, and some windows in the sub-millimeter wave-
lengthh region. At radio wavelengths the atmosphere is transparant again. Photometric 
observationss in the JHKLM windows in the sixties demonstrated the importance of the 
infraredd for astrophysics (e.g. the work by Johnson). In the period 1966-1970 the first 
bolometerss for the 10 and 20 ^m window became available (e.g. the work of Low, of 
Gillett and of Neugebauer), resulting in spectacular new discoveries of infrared-bright ob-
jectss that had no optical counterpart. We now know that these objects are ubiquitous and 
cann be found in the early phase of stellar evolution (protostars) and in the late phases of 
stellarr evolution (red giants). 

Soonn after the advent of infrared photometry, the first spectrographs were developed, due 
too improved technology in detectors and cryogenics. Initially spectral resolution was 
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modest,, with values between 50 and a few hundred, but in the last 15 years this has 
dramaticallyy improved to values up to 106! Large steps forward in the development of 
infraredd spectroscopy were given by the United Kingdom InfraRed Telescope (UKIRT; 
withh CGS2, 3 and 4) and by the Anglo Australian Telescope at 10 and 20 ^m. At the Kin 
PeakPeak National Observatory the 2.1-m Telescope is able to provide high resolution spectra 
betweenn ~ 0.9 and 5.5 j/m using the Phoenix spectrograph. At European Southern Ob-
servatory,, the IRSPEC 1-5 /jm spectrograph attached to the New Technology Telescope 
(NTT)) has long been the the most commonly used spectrograph. 

Apartt from developments in ground-based astronomy, the absorption effects of the Earth's 
atmospheree inspired several programs in airborne and space-based infrared astronomy. 
Thee impact of the Air Force Geophysics Laboratory (AFGL) all-sky survey at 4, 11, 20 
andd 27 /xm and of the IRAS all-sky survey at 12, 25, 60 and 100 p.m can not be under-
estimated.. The resulting InfraRed Astronomical Satellite (IRAS) Point Source Catalogue 
(1985)) contains about 250,000 sources detected at one or more wavelengths, most of 
whichh were observed for the first time. Besides the photometric instruments on board of 
IRAS,, the Low Resolution Spectrograph (LRS) recorded about 5000 spectra between 7 
andd 23 ^m of point sources with a resolution XI8X ~ 20 (Atlas of Low Resolution Spectra, 
1986). . 
Thee recent development of infrared array detectors, similar to the optical CCD, resulted 
inn limiting magnitudes much fainter than those of the older single-channel detectors. As a 
result,, the signal-to-noise and resolution of infrared spectra wil l further improve. Besides 
thee ground-based facilities mentioned above, various spectrographs will be comissioned 
aree in the near future. Several projects which are of interest are the development of the 
ISAACC (1—5 /xm) and VISIR (8-24 fim) spectrographs on the Very Large Telescope 
(VLT,, Chile), the GNIRS spectrograph (1-5.5 jum) on the Gemini 8m Telescope (Hawaii) 
andd the NIRSPEC spectrograph (1-5 fim) on the W.H. Keck Telescope (Hawaii). 

1.1.11 The ISO-mission 

Thee European Space Agency's (ESA) Infrared Space Observatory (ISO), launched in 
Novemberr 1995, caused a real break-through in infrared astonomy. For a period of about 
300 months it provided the possibility of doing photometry and/or spectroscopy at wave-
lengthss from ~ 2.5 to 240 microns. The single 0.6-metre telescope in ISO fed infrared 
beamss via a pyramidal mirror to four instruments. Below we give a short description of 
thesee four instruments. 

 The Infrared Camera (ISOCAM), covered the 2.5-17 micron band with two differ-
entt channels each with a 32 by 32 element detector array. It provided the capability 
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forr imaging using broad- and small-band filters as well polarimetric filters. Its spa-
tiall  resolution is wavelength dependent, varying from 1.5 to 12 arcsec. 

 The photo-polarimeter (ISOPHOT) operated between 2.5 and 240 microns. It con-
sistt of 3 sub-systems: 

-- (a) A grating spectrometer (PHT-S) which simultaneously provided a resolu-
tionn of ~ 90 in two wavelength bands 2.5—5 ^m and 6—12 ^m, 

-- (b) a photopolarimeter (PHT-P) for the wavelength range 30 to 110 /im, and 

-- (c) a photopolarimetric camara (PHT-C) for wavelengths from 30 to 200 ^m. 

 The Short-Wave Spectrometer (SWS), covered the 2.4 to 45 micron band. Its spec-
trall  resolution ranges from ~ 1000 to 2500 across the whole spectral range. Be-
tweenn ~ 15 to 30 /um its spectral resolution could be increased to ~ 3 104 by using 
onee of the two Fabry-Pérot interferometers (FPs). The entrance aperature on the 
skyy is 14" by 20" for wavelengths shorter than 27 /im and 20" by 30" for longer 
wavelenghtss than 27 fim. 

 The Long-Wave Spectrometer (LWS) provided spectra with a resolution of ~ 200 
overr the wavelength range ~ 45 to 180 fim. Similar to SWS, two FPs can be rotated 
intoo the beam to increase the resolution power to ~ 104 across its entire wavelength 
range.. The field of view on the sky was 1.65'. 

Thee ISO spectra studied in this thesis are all observed using the SWS instrument. 

1.1.22 The infrared spectral region of hot stars 
Thee early-type stars radiate most of their flux in the ultraviolet and optical. Therefore, ob-
servingg these stars in the infrared was not necessarily obvious. However, the NIR photom-
etryy of the early seventies directly indicated these stars to have interesting infrared char-
acteristics,, which could contribute to a better understanding of their atmospheric structure. 

Onee of the first comprehensive studies of the properties of hot stars at infrared wave-
lengthss was carried out by Gehrz et al. (1974). Only dealing with photometry in the 
2—200 fim range, Gehrz et al. (1974) demonstrated that many hot stars have an excess 
off  radiation at long wavelengths with respect to the brightness expected from an extrap-
olationn from optical wavelengths. This IR excess can be attributed to the presence of 
circumstellarr material, either in the form of solid particles (dust) or in the form of ionized 
gass emitting free-free emission. This thesis deals with stars without circumstellar dust, 
whosee excess emission (if present) is due to ionized circumstellar gas. Other early studies 
onn hot stars were carried out by Allen & Swings (1972) and Barlow & Cohen (1977). 
Inn 1985 the IRAS all-sky survey opened the possibility to explore the continuum energy 
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distributionn of hot stars between 12 and 100 fim (see e.g. Waters 1986; Waters et al. 1987). 

Quantitativee infrared spectroscopy of hot stars was not commonly done until after about 
19800 (with some exceptions). These studies were mainly concerned with the study of 
starss with strong stellar winds and/or with strong dust continua (e.g. Persson et al. 1988; 
Chalabaevv & Maillard 1985; McGregor et al. 1988). Hanson et al. (1996) made a K-band 
spectroscopicc atlas with the intention to set up a K-band classification for OB stars. Such 
aa classification is necessary to study the highly obscured OB stars situated in the galactic 
plane. . 

Studyingg normal late-O and B dwarfs in the infrared, which is the main interest of this 
thesis,, is not that common, as they do not show an infrared excess and absolute flux levels 
aree low. Therefore, these stars are more commonly studied in the UV and optical. High 
resolutionn spectra of H I 5-4, Bra (4.0522 ^m) of 10 Lac (09V) by Murdoch et al. 
(1994)) and of r Sco (B0V) by Waters et al. (1993) first indicated the importance of the 
hydrogenn and helium infrared line transitions for studying the atmospheric properties of 
thesee stars. 

1.22 Overview of the different sub-classes of OB stars 

Starss of spectra] type O and B are situated in the upper part of the Hertzsprung-Russell 
diagramm (see Fig. 1.2). These most massive and luminous stars are losing mass in the 
formm of a more or less steady stellar wind. These winds are driven by the line absorption 
off  the star's continuum radiative momentum flux (Lucy & Solomon 1970, Castor et al. 
1975).. The lines responsible are typically due to ions of abundant elements that have very 
largee numbers of transitions in the UV and far-UV (below 912 A). The above implies 
thatt mass-loss is expected to depend on stellar luminosity and indeed this is confirmed 
byy mass-loss determinations of OB stars. Comprehensive studies by Howarth & Prinja 
(1989),, Lamers & Leitherer (1993) and Puis et al. (1996) show that 

M ~ L 1 55 ( l . l ) 

wheree L denotes the stellar luminosity and M the mass-loss rate. For early O-type dwarfs 
thee mass-loss rate may be as large as lO~5M 0yr_1, while for late O stars values an order 
off  magnitude less are typical. For early B-type stars the radiation pressure drops con-
siderably,, although observations in the ultraviolet demonstrate that these stars still have 
aa (weak) stellar wind with M £ lO"9M 0yr_1. Such winds are no longer dominated 
byy radiative pressure, but other effects like rotation and pulsations become important as 
well.. The winds are likely to be initiated by a combination of the forces mentioned. For 
dwarfss of spectral type Bl or later, radiation pressure becomes almost negligible and ro-
tationn and pulsation determine the spectral characteristics. In the case of supergiants, this 
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Figuree 1.2. The distribution of mass-loss in the H-R diagram from UV observations of early-type 
starss (Abbott 1982). Filled circles are stars showing definite evidence for stellar winds. Half-filled 
circless are showing possible evidence for winds at the 3<7 level. Open circles are stars showing no 
evidencee of mass-loss. A barred symbol indicates a rapidly rotating star of the Be spectral type 

"turn-over""  in the wind driving mechanism occurs at later spectral type, i.e. at about late 
A-type. . 
Thee observed mass-loss rates of OB stars are so large that they must have an important 
impactt on the evolution of these stars. Evolutionary calculations confirm this expectation. 
Forr instance, for a star with an initial mass of 60 M@ - corresponding to spectral type 
04.55 V - the stellar wind already reduces the stellar mass by ~ 20 M@ in the core hydro-
genn burning phase (Meynet et al. 1994). As an O (or B) supergiant it will even increase its 
mass-losss and thus continue to reduce its mass after the main sequence (MS) has ended. 
Thee strong luminosity dependence of mass-loss implied by Eq. 1.1 causes the impact of 
mass-losss to be much less for stars with lower initial mass. An 08 V star for instance, 
whichh has a mass of 25 M@ at the start of its life, only will have lost some 3 M 0 when it 
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reachess the end of the main sequence. No significant further reduction of its stellar mass 
takess place after the MS until it reaches the red supergiant phase. 
OO and B-type stars cover a substantial range of the HR diagram, with for instance lumi-
nositiess ranging over two orders of magnitude from a few times 104 to a few times 106 

Z/0.. This in combination with the presence of rotation and pulsations leads to the exis-
tencee of several distinct subclasses. Next, we will briefly review the most important of 
thesee subclasses focussing on their infrared characteristics. 

1.2.11 The "normal" OB stars 

Thee class of "normal" OB stars is actually not defined. Still it is useful to start with the 
groupp of stars that do not show such special spectral features inviting the definition of a 
seperatee subclass. I wil l assume "normal" OB stars to be OB dwarfs and giants that do 
nott show optical line emission. As a result of this definition this subclass does not include 
thee earliest O-type dwarfs (nor O-type supergiants) as these stars experience considerable 
mass-losss resulting in for instance Ha emission. 
Thee normal OB stars are most often studied in the optical and ultraviolet part of the spec-
trum.. For a few early B stars the EUV is also directly observable (e CMa &  j3 CMa; 
Cassinellii  et al. 1995, 1996). The optical yields information on the basic stellar pa-
rameters,, such as effective temperature, gravity and rotation, but also on photospheric 
processess such as turbulence and non-radial pulsations. The ultraviolet in turn is gener-
allyy used to study wind properties. These include the effects of turbulence, shocks and 
clumpingg when focussing on the small scale structure and of that of co-rotating interaction 
regionss when looking at the large scale structure. Mass loss properties are studied both in 
thee optical and UV, although it should be said that the low mass-loss rates of early B-type 
starss can only be studied in the ultraviolet as the UV resonance lines by far provide the 
mostt sensitive diagnostics. 
Figuree 1.3 shows ISO spectra of Bra for a number of "normal" OB stars. For the late 
O-typee star 10 Lac the line is in emission. Later spectral types however show Bra to 
bee in absorption. The line emission in 10 Lac can be ascribed to non-LTE effects. De-
parturess from LTE (referred to as non-LTE) may arise when the level populations are no 
longerr controlled by collisional processes (proportional to the electron density) but are 
sett directly by the radiation field itself. When this radiation field originates from deeper 
atmosphericc layers it may be distinctly different from the locally generated thermal radi-
ation.. Compared to the early-B stars the radiation field of the late-0 star 10 Lac is more 
intense,, implying that in a larger part of the atmosphere (in terms of density) non-LTE 
effectss wil l be important. For this star, the resulting interplay between local and non-local 
conditionss leads to the formation of emission profiles. A large part of Chapters 4, 5 and 
66 is focussed on infrared line formation addressing this interplay in great detail, using it 
too study the physical conditions in the photosphere. In the case of the more luminous of 
thee "normal" OB stars, the infrared radiation originates from the outer photosphere. As 
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Figuree 1.3. The ISO-SWS Bra spectra for "Normal" OB stars and a Be star, a Eri (left panel) 
andd the supergiant P-Cygni (right panel). Indicated are the H I (arrow) and He I ("|") and He II 
("+")) line transitions. The (thick) horizontal lines at the outer edges of spectral region represents 
thee normalization level of each individual spectrum. The errorbar on the right indicates the noise 
perr bin in the central part of the spectrum. 

mentionedd above, these regions are extremely important as it is from here that the stellar 
windd is initiated. Different hydrogen lines, such as Bra and Pfa representing the main 
quantumm number transitions 5-4 and 6-5 respectively, may even probe different parts of 
thiss lower wind regime. This is because the importance of free-free processes increases 
proportionall  to the wavelength squared, gradually "shifting" the infrared continuum for-
mationn layer outwards. The Bra line at 4.05 (im may thus be formed closer to the (optical) 
surfacee than is the Pfa line at 7.46 /j,m. 
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Figuree 1.4. The ISO-SWS01 infrared spectrum between 2.3 and 7.8 //m of the supergiant P 
Cygni.. The wavelengths of the H I (and the strongest He I) line transitions are indicated below 
(above)) the spectrum. 

1.2.22 The OB supergiants 

OBB supergiants are typically massive stars in an evolutionairy phase near or past the end 
off  the main sequence. Their spectra are generally dominated by strong wind features. 
Wee note that the spectra of of early O-type dwarfs may look very similar to those of OB 
supergiants,, as their winds are also very strong. Eventually, the OB I stars evolve into 
eitherr red supergiant stars or luminous blue variables. 
Thee strongest optical and ultraviolet lines of the OB supergiants may show so-called 
"PP Cygni type" profiles. These profiles may be decomposed into a blue-shifted absorp-
tionn that may reach up to the terminal velocity of the stellar wind, and into a symmetric 
emissionn of which the wings may also reach the terminal wind speed. Superposition of 
thesee two components yields the P Cygni profile. The optical Ho line and the ultraviolet 
resonancee lines of Si IV, C IV and N V in OB I stars are often of P Cygni type. They are 
typicallyy used to determine the mass-loss rate and the terminal flow speed. In the infrared 
spectrall  lines pure emission profiles may also be observed. 
AA beautiful example of a wind dominated infrared line spectrum is that of the Bl.5 Ia+ 

hypergiantt P Cygni. In this star the P Cygni profiles were first observed, hence the name. 
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Figuree 1.4 shows the ISO-SWS01 spectrum of this object covering the wavelength range 
fromm 2.3 to 7.8 ftm. It is dominated by the Pfund, Humphreys, n-1 and n -8 series of 
hydrogen.. Most of the series lines show pure emission profiles. The line strengths of 
thee series lines can be explained by case B recombination. Several helium lines are also 
observed,, of which He 14.30 pm is the strongest. Lamers et al. (1996) show that the H and 
Hee line spectrum is very suitable to derive both stellar and wind parameters. Figure 1.3b 
showss the ISO-SWS02 Bra spectrum of P Cygni to demonstrate the enormous strength 
off  the Bra line emission relative to the line emission of the earliest "normal" OB or Be 
stars.. This is because of the very large mass-loss in P Cygni (M ~ 3 10"5 Af 0yr -1). 
Thee slope of the infrared continuum of P Cygni (see also Fig 1.4) is flatter than that ex-
pectedd for a hydrostatic atmosphere. This is because of free-free emission in the strong 
stellarr wind of this star. At longer wavelengths, free-free processes gain in importance 
relativee to other opacity sources as they are proportional to A2 (see above). In the infrared 
theyy typically become the dominant source of opacity. Because of its strong wavelength 
dependencee and because of the presence of a stellar wind the density in the outer re-
gionss does no longer drop exponentially (as in the static case), but only as p(r) ~ r~2. 
Consequently,, the stellar radius itself becomes wavelength dependent, increasing with 
increasingg A. As the flux is approximately given by 

^ - 4 7 ^ 0 , ( 7 (^^ = 1/3)), (1.2) 

wheree Bx is the Planck function, one expects a flattening of the spectrum. The extra 
emissionn relative to the hydrostatic case (n = constant) is called "an infrared excess". 
Thee measure of this excess in the radio part of the spectrum provides the most reliable 
wayy to determine the mass-loss rate of early-type stars. 

1.2.33 The Be stars 
Bee stars are B-type dwarfs or giants (luminosity class III to V) that show or have shown 
emissionn in at least one of the hydrogen Balmer lines. This emission is often double-
peaked,, and the width of the line correlates with the projected rotation speed of the star 
(usim).. These facts led Struve (1931) to the suggestion that Be stars are surrounded by 
aa flattened, disc-like envelope. Recent direct imaging of the brightest Be stars indeed 
confirmss this basic picture (Vakili et al. 1998 and references mentioned therein). 
Ann important property of Be stars is their variability: the line emissionn can disappear on 
timescaless of weeks to years, and can also rapidly reappear. This suggests that the disc it-
selff  may disappear and reform on these timescales. Several models have been proposed to 
explainn the temporary presence of a disc. Vogt & Penrod (1983) suggest that a sudden ex-
citationn of many non-radial pulsation modes in a rotating star may lead to a field of shock 
wavess capable of driving an episodic, equatorial mass loss. Bjorkman & Cassinelli (1993) 
proposedd a model in which the stellar rotation naturally explains the disc-like structure of 
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thee circumstellar gas in Be stars. This so-called wind compressed disc (WCD) model 
predictss a disc opening angle of ~ 1 to 3 degrees, which is remarkably close to the value 
whichh follows from spectropolarimetric observations by Wood et al. (1997) of the Be star 
CC Tau (B4 Illpe). Unfortunately the WCD model predicts a disc gas density which is far 
beloww (about a factor 100) density values commonly derived from observations. Also, 
Owockii  et al. (1996) put forward that the inclusion of non-radial force components even 
seemm to inhibit the formation of a disc. For a recent discussion on the consistency of the 
WCDD model, see Bjorkman (1998). Finally, the presence of a magnetic field might also 
playy a role in the disc formation (Henrichs, 2000). 

ISO,, SWS01 

77 Cos, BOIVe 

 ! 
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Figuree 1.5. The ISO-SWS01 infrared spectrum between 2.3 and 7.8 urn of the Be star 7 Cas 
(BOIVe).. The wavelengths of the H I (and the strongest He I) line transitions are indicated below 
(above)) the spectrum. 

Att infrared wavelengths, Be stars are characterized by excess emission caused by ion-
izedd circumstellar material which emits free-free and free-bound radiation (e.g. Gehrz et 
al.. 1974). In addition, Be stars exhibit strong line emission from the recombination of 
electronss and protons to produce hydrogen atoms (recombination radiation), resulting in 
aa beautiful spectrum showing many hydrogen series. Figure 1.5 shows the ISO-SWS01 
spectrumm of 7 Cas (BOIVe, usim 230 kms""1)- A first analysis of the continuum and line 
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emissionn spectrum by Hony et al. (1999) shows that it provides valuable information 
aboutt the structure of the disc. Constraints on disc structure are important in order to 
discriminatee between models that are proposed for the origin of the disc. Figure 1.3a 
alsoo shows the ISO-SWS02 Bra spectrum of te Be star, a Eri (B3Vpe, usim 251 kms"1) 
demonstratingg the double-peaked nature of the HI (infrared) line profiles of most Be stars. 
Inn Chapter 2 of this thesis we study the H I infrared line spectrum for a subclass of Be 
stars,, namely, those Be stars having a disc of a relatively low-density (£ 10~13 gem-3). 
Suchh a disc hardly shows an infrared excess, or detectable Ha emission. Using a simple 
discc model we demonstrate that hydrogen line emission is more easily detectable in the 
infraredd offering the only opportunity to study this subclass of Be stars. 

1.33 Modeling of OB stars 
Photosphericc and wind parameters of OB-type stars are most accurately derived from 
comparisonn of the observed spectral features with predictions using model atmospheres. 
Thee assumptions that inevitably enter these models should be appropriate for the case 
att hand as otherwise it is very likely that the model does not produce reliable results. 
Assumptionss in disc models will be addressed in the last subsection. The most important 
off  these assumptions in the field of stellar atmospheres and quantitative spectroscopy 
concernn that of (i) the geometry of the medium, (ii) whether the medium is static or in 
motionn and (Hi) the way in which the neutral and ionized gas interact with the radiation 
field. field. 
Thee geometry in present-day model atmospheres is either plane-parallel or spherical. In-
terestingly,, the choice of geometry turns out to be linked with that of the presence or 
absencee of a velocity field. Those stars for which sphericity effects are important always 
showw an outflow which in at least some respects is non-negligible. This implies that either 
onee assumes a plane-parallel static atmosphere or a spherical outflowing atmosphere. The 
opticall  and infrared - but not ultraviolet - radiation of late O- and B-type dwarfs, for ex-
ample,, may well be described by the former set of assumptions. More luminous OB-type 
starss require one to adopt a spherical atmosphere in which a stellar wind is present. 

1.3.11 Photospheric models 
Thee most well know examples of plane-parallel hydrostatic atmospheres are those of Ku-
ruczz (1992) and of Hubeny & Lanz (1995). Kurucz models make the additional assump-
tionn that the gas is in LTE, while the Hubeny & Lanz models allow the level populations 
too depend explicitly on the radiation field, a situation which is generally referred to as 
non-LTE.. Furthermore, both model approaches assume the atmosphere to be in radiative 
equilibrium,, assuming that no net sources or sinks of energy are present. This energy 
balancee fixes the temperature structure of the model. Generally the radiation fields of OB 
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starss are so intense that the assumption of LTE will break down in the outer atmosphere. 
Inn the last decade all detailed analyses of these stars are done in non-LTE and I will also 
makee this assumption when studying the infrared emission of B-type stars in chapters 4, 
55 and 6. 

Inn non-LTE, many processes compete in setting the temperature structure. Some lead 
too cooling, while others contribute to the heating of the gas. The net balance of these 
competingg effects is not easily predicted and depends strongly on the ions included in the 
non-LTEE calculation. For instance, Auer & Mihalas (1969) first calculated the tempera-
turee structure in a pure hydrogen atmosphere and found a large surface heating. The result 
off  this heating is that the steady decline in temperature with decreasing Rosseland optical 
depthh is reversed in the outermost layers of the atmosphere. The H&He models applied 
inn chapters 4, 5 and 6 of this thesis show a similar rise in temperature at small Rosseland 
opticall  depth. The way in which this temperature increase is explained is as follows: the 
dominantt heating comes from photoionizations in the Lyman and Balmer continuum. In 
thee outer atmosphere the n = 1 and 2 levels are overpopulated due to non-LTE effects. 
Essentially,, cascade from higher levels is responsible for this over-population. Note that 
forr n=2 the "escape channel" to the ground level does not yet exist as Lyo in these layers 
iss still in detailed balance. The overpopulation increases the heating efficiency, leading to 
thee temperature rise. 

Whyy is this detailed discussion of the temperature rise effect in H&He models relevant? 
Itt is because the infrared lines of hydrogen and helium form so far out that their for-
mationn region may (partly) overlap with the regime of the temperature rise. This may 
resultt in profiles which differ significantly from the absorption lines predicted in LTE cir-
cumstances.. Moreover, the temperature rise may influence or strengthen other non-LTE 
effects,, causing even larger discrepancies compared to LTE results. The most important 
off  these "other" effects is the so-called b-amplification discussed in detail in chapter 4. 
Essentially,, "b-amplification" describes a runaway of the line source function caused by 
(onlyy a modest) overpopulation of the upper level relative to the lower level of the transi-
tion.. The effect is only important in the infrared, but there it may be so important that it 
immediatelyy becomes the dominant cause of IR line emission. Chapter 5 presents a study 
inn which predictions of the "b-amplification" effect are compared to observations of late 
O-- and B-type dwarfs and giants. A key result of this study is that for these stars infrared 
emissionn lines such as Bra and Pfa may be used as an effective temperature diagnostic. 
Thee "b-amplification" is actually more fundamental than is the temperature rise. When 
metall  lines are included in the model calculation, the cooling through these lines often 
dominatess the energy balance and a temperature rise in the outer atmosphere will no 
longerr occur. Note that this does not imply that the "b-amplification" is also wiped out. 
Thee effect may be somewhat modified, but it remains present and in itself causes the for-
mationn of infrared emission lines. Chapter 4 also addresses the effects of metal lines on 
thee temperature structure in the infrared spectrum of the BO.2 V star r Scorpii. An impor-
tantt question is to what extent the relatively simple H&He models may still be applied, as 
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fullyy line-blanketed models accounting for millions of metal lines are at present extremely 
expensivee in terms of computer time. Also in favour of the simple H&He models is their 
applicationn to metal-poor atmospheres where the Auer-Mihalas heating may survive, and 
mayy give rise to observable effects in the hydrogen line profiles (Lanz & Hubeny 1995). 

1.3.22 Wind models 
Thee model assumption which also needs to be addressed are those related to the possible 
presencee of a stellar wind. The infrared spectra of B dwarfs and giants are not expected 
too be influenced appreciably by their very weak stellar winds. However, early and mid 
O-typee stars and B supergiants suffer from significant mass-loss (see section 1.2.2). The 
presencee of a velocity gradient in the line formation region will certainly influence the 
levell  populations because due to the Doppler shift lines may suddenly intercept unattenu-
atedd continuum radiation. Models treating the non-LTE transfer and wind hydrodynamics 
inn a consistent way have not yet been developed. Those approaching this goal the closest 
aree those of Pauldrach et al. (1994) for O-type stars and those of Hillier & Miller (1998) 
forr Wolf-Rayet stars. 
Ann intermediate step towards such fully consistent approaches is to (i) assume the Sobolev 
approximationn to describe the radiative transfer in spectral lines and (ii) to adopt an em-
piricall  velocity law. The obvious advantage of pre-specifying the wind velocity structure 
iss that one avoids having to solve the equation of motion. Interestingly, an empirical ve-
locityy stratification - often one adopts a so-called /3-law - may give a very reasonable 
representationn of the wind acceleration as theoretical calculations show that such a /3-law 
iss expected (Lamers & Cassinelli 1999) and fitting of observed profiles using this law 
usuallyy gives good results (Puis 1996). The more restrictive assumption therefore seems 
too be the use of the Sobolev approximation (Sobolev 1960). Essentially, the Sobolev ap-
proximationn assumes that level populations are set by local conditions only. In the final 
chapterr of this thesis, we investigate for which part of the HR-diagram these models of 
"intermediate""  complexity may be safely applied when analysing the infrared spectrum 
off  OB-stars. 

1.3.33 Disc models 
Thee final model assumption is the one related to the possible presence of a circumstellar 
disc.. Observations of Be stars (see Sect 1.2.3) have shown the existence of such a disc. 
Inn chapter 2 we make use of a simple disc model (Waters 1986) to investigate the infrared 
linee spectrum of discs with a density and opening angle comparable to that predicted by 
thee WCD model. Characteristic for such a disc is that its infrared excess is rather weak 
andd that its optical line emission due to recombination is also weak. However, hydrogen 
linee emission from the disc does show up in the infrared. We study the H I line emission 
byy developing an emission line curve of growth. In this way we are able to derive the disc 
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densityy and its density gradient. This method is similar to the one presented by Waters et 
al.. (1986). An important difference between these two models is that while they make 
usee of the infrared continuum excess, we use the infrared H I line strengths. 
Thee adopted disc model is rather basic. It assumes a disc structure based on other studies 
off  Be stars. In order to solve for the state of the gas, we make two different assumption. 
First,, we solve the statistical rate equations for the first four quantum levels of H I while 
assumingg LTE for higher levels. This latter assumption may not be valid as Hony et al. 
(2000)) show that the strengths of the infrared lines of 7 Cas are not well represented in 
LTE.. Second, we predict the hydrogen line strengths using Case B recombination theory 
(Hummerr & Storey 1987). 
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