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Chapterr  1 

Introductio n 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 

 ! 

Pfund d 

44 5 6 
Wavelengthh [ /xm] 

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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Chapterr  2 

Thee HI  infrared line spectrum for  Be 
starss with low-density discs. 
P.A.. Zaal, L.B.F.M. Waters, J.M. Marlborough 

A&AA&A 299, 574 (1995) 

Wee present theoretical Ha and HI infrared recombination line calculations for 
low-densityy discs around B stars. Such a disc shows no visible emission in 
Ha,, while the HI IR recombination lines are in emission. This phenomenon 
hass been found in the spectrum of the B0.2V star, r Sco and could be sim-
ulatedd with a simple disc model. As an extension of that particular case we 
calculatee the entire IR HI line spectrum of a normal B star surrounded by 
aa low-density disc with a theoretical curve of growth for HI IR line fluxes, 
whichh we introduce as a tool for studying low-density discs. We find that 
IRR emission lines may be detectable for densities up to about 10-14 gem-3, 
whichh is a factor 102 — 103 lower than typically found in Be stars. For dif-
ferentt spectral types, BO, B2, B5 and B8 we determined the density range for 
whichh emission is prominent in the IR recombination lines but not in Ha. 

2.11 Introductio n 

Recently,, high resolution IR spectra of the B0.2V star T Sco revealed the presence of 
surprisinglyy strong Bra and Br7 line emission (Waters et al, 1993, hereafter referred to 
ass Paper I). This was unexpected because the Balmer lines for r Sco are in absorption. 
However,, perhaps in hindsight this result should not have been as unexpected for two 
reasons.. First, Smith and Karp (1978, 1979) noted that all photospheric absorption lines 
theyy observed in r Sco in the optical and ultraviolet wavelength regions showed slightly 
depressed,, short wavelength wings, suggesting to them some kind of macroscopic mo-
tionss even in the deep layers of the photosphere. Second, Furenlid and Young (1980) 
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observedd 60 main sequence B stars of types BO - B3 and found the Ho absorption line 
inn many of these to be asymmetric with a depressed short wavelength wing. The degree 
off  asymmetry was correlated with v-sini. The observations of r Sco were interpreted in 
termss of a two-component stellar wind model, which is similar to the model widely used 
too explain the observations of the classical Be stars. This model consists of a high-density, 
low-velocity,, rotating and slowly expanding disc in the equatorial plane of a (rapidly ro-
tating)) star, and a low-density, high-velocity wind at higher latitudes. The high density 
componentt produces the Ha line emission and IR free-free and free-bound continuum 
emission,, while the fast UV wind can be seen in absorption in UV resonance lines of ions 
off  trace elements such as C IV and Si IV. 
Thee Ha, Bra and Br7 line profiles of r Sco could be closely approximated with a simple 
discc model (paper I), which only includes the disc component. The wind observed in the 
highh excitation UV resonance lines has far too low a density to produce the observed IR 
lines.. The Bra line flux gives a value for the Emission Measure, log EM = 57.1 cm- 3 

(paperr I). This is much higher than the EM derived from the UV resonance lines and from 
thee X-ray emission, but can be explained with a disc at a density which is a factor 100 
lowerr than typically found in Be stars. The interpretation of the line emission in r Sco in 
termss of a circumstellar disc is not unique however. Other geometries may also be capable 
off  reproducing the observed line profiles. In addition, non-LTE effects in the outer atmo-
spheree of OB stars may result in an increase of the source function near the line center for 
thee high-level a transitions of Hydrogen (Murdoch et al., 1994), thus producing a narrow 
emissionn peak near the line center. Murdoch et al. use this model to explain the Bra (and 
Br7)) emission seen in the 09V star 10 Lac. 
Thee observations of r Sco demonstrate the probability of having strong IR HI emission 
liness without noticeable emission in the photospheric Ha absorption line, while the latter 
hass a much larger transition probability than the IR HI lines. This strange effect can occur 
ass a result of the steep underlying continuum, which for hot stars closely resembles the tail 
off  a hot black body. In the optical, the (intrinsically strong) Ha line emission competes 
withh a strong continuum, but in the IR the continuum is much weaker and so (weak) IR 
HII  recombination lines can be observed in emission. This implies that a class of hot stars 
mayy exist whose optical spectra are normal but whose IR spectra show emission lines. 
Byy introducing a curve of growth for HI IR line fluxes we will study the HI IR spec-
trumm and wil l test the disc model by making a case B approximation for HI IR line fluxes 
(sectionn 2.2.1-2.2.3). Following from paper I we wil l use r Sco as an example for demon-
stratingg the implications of the curve of growth (section 2.2.4). For r Sco this method 
appearss to be a good tool to study the disc properties, and in the near future its capability 
wil ll  be improved in order to study Be stars more generally. In the last part (section 2.3) 
wee wil l study the optical Ha line profile and the HI IR line profiles for other B types, in 
orderr to adopt a disc density range, where we expect to detect HI IR line emission while 
thee optical Ha line profile hardly shows emission. 
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2.22 The HI  line calculations 
Inn this section we will study the HI IR line spectrum for a BO star surrounded by a disc 
whichh shows emission in the IR HI lines without detectable emission in the optical Ha 
photosphericc absorption line. This restricts the density in the disc to a value a factor 102 

-- 103 lower than found for normal Be stars. We calculated several HI IR line profiles in 
thee range between 2 ^m and 60 /im with a simple disc model (section 2.2.2), which takes 
intoo account the line optical depth and the bound-free and free-free contributions from 
thee disc to the continuum. To obtain better insight into the line optical depth, we wil l go 
throughh the definition for the line absorption coefficient. 

2.2.11 The line optical depth 
Thee quantum mechanical absorption coefficient per unit length, av for the self absorption 
off  line radiation resulting from a transition from an upper energy level m to a lower level 
nn (Lang, 1974) is 

cc22NNnnggmm A (l_9JJ?A(j}mn{u) ( 21) 
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wheree JV„ is the population of level n, Amn is the Einstein coefficient for a spontaneous 
transitionn from an upper level m to a lower level n, n„  is the index of refraction of the 
medium,, which is close to 1, gn is the statistical weight (for hydrogen gm = 2 ^ ) and 
4>mn{v)4>mn{v) is the line profile function. 
Fromm the Saha-Boltzmann equation we can express Nn as, 

NN""  = ^ZkTrn-'"- N'N--^ vtT (2-2) 

wheree k is the Boltzmann constant, T the temperature, me the electron mass, N{ and Ne 

thee number density for the ions and electrons, Xi is the ionization energy and Xn the exci-
tationn energy of the lower level n. 
Iff  we assume local thermodynamic equilibrium (LTE), we obtain from Boltzmann's equa-
tion, , 

(2.3) ) ffn^mffn^m _ -hv/kT 

ggmmNNn n 

Thee line profile, 4>mn(v) is assumed to be a Gaussian profile 

* „ > ) == *  • f . e - t i ' - W ? (2.4) 
y/lTVTy/lTVT v 

withh V = Vb + c • (J/ - v0)ju where V0 is the radial velocity (projected along the line of 
sight),, VT the total microscopic velocity and v0 the rest frequency of the specific line. The 
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totall microscopic velocity, Vj is defined as 

( '2kT'2kT \ 2 

—— + V?\ w20kms- 1 for a BO star (2.5) 
m 00 J 

wheree T is the disc temperature, m0 the atomic mass and Vt is the turbulent velocity of the 
disc.. If we substitute in equations 2.2, 2.3 and 2.4 into equation (1) we obtain au under 
LTEE conditions, 

llNNllN,(^y(l-e-N,(^y(l-e-hh^^ kTkT)A)Amn mn l6nl6n33VVTT{2m{2meekT)VkT)V22' ' 

.. n^e(*-x«)/*T.e-(v-Vi)Vv» (26) 

Thiss equation shows that the absorption coefficient depends not only on wavelength and 
AAmnmn,, but also on \n and nm of the specific line intensity, and it depends on the velocity 
fieldfield and temperature as well. 

2.2.22 The curve of growth 
Wee will present a theoretical curve of growth (COG) for HI line fluxes in the infrared. 
Lamerss & Waters (1984) already developed a COG for Be stars where they plotted the 
IRR continuum excess flux from the disc against an optical depth parameter to study the 
densityy and its gradient within the disc. We define a line optical depth parameter from 
sectionn 2.2.1 and develop a COG for HI IR line fluxes in a similar way as done by Lamers 
&& Waters. 

Thee line optical depth parameter, £ jm e 

Thee line optical depth (from Eq. 2.6) is defined in such a way that it is separated in 
aa line dependent term, a term dependent on the stellar and disc parameters and a term 
dependentt on the line of sight. The first two terms, which include all terms except the 
geometricc dependencies, give a general expression for the line optical depth parameter 
EElineline (seeEq. 2 .9-2 .12) . 
Fromm the absorption coefficient we get an expression for the line optical depth along a 
linee of sight through the disc 

/
oo o 

ct{i/)dzct{i/)dz (2.7) 
-oo o 

wheree a(u) is as defined in Eq. 2.6. In order to work out the integral we adopt a coordinate 
systemm as shown in figure 2.1, where P is the impact parameter. 
Iff we adopt a power-law density distribution: p(r) ~ pQ{r/ R*)'13, then it follows that 
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TOO OBSERVER 

Figur ee 2.1. The adopted coordinate system. 

N,{r)NN,{r)Ncc{r){r)  = ~/N?{r" 
IJ,IJ,22mm22

H H 
p\r) p\r) pfo pfo -20 -20 

(2.8) ) 

wheree 7 is the ionization fraction (Ni/Ne), fj, the mean molecular weight of the ions and 

mumu the mass of hydrogen. If we combine Eq. 2.6, 2.7 and 2.8 we obtain 

r„(V,p,r)r„(V,p,r)  = E, 
,,X2 X2 

meme I 

-2/3+1 1 

V ^ ^ P' P' 
ee-iy-v-iy-v00wr/v}wr/v}dx dx (2.9) ) 

wheree we made a coordinate transformation for z; z2 = r2 - p 2 , and defined x = r/R* 

(similarr to Wright and Barlow, 1975). The line optical depth parameter Eune is defined as 

ElineEline — ^line ' sigtar 

wheree X{ine is defined as 

andd Xstar is defined as 

(1 1 
„-hv/kT} „-hv/kT} 

XXstarstar = 6.23 107 pllK pllK 

(2.10) ) 

(2.11) ) 

(2.12) ) 
fj,Wfj,WTTTT33//2 2 

wheree Xnne depends on the specific line transition (the T dependence for Xune is very 
weak)) and Xstar depends on the temperature and the turbulent velocity in the disc. For 
Eq.. 2.11 and Eq. 2.12 cgs units have been used, and K is the stellar radius in Re. The 
dependenciess on the line of sight are now included in the integral over the line of sight, Eq. 
2.9.. This notation is the same used by Poeckert & Marlborough (1978) and is formulated 
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inn the same way as done by Lamers & Waters (1984) for calculating the continuum excess 
fromm the disc. 
Thee boundary conditions depend on the geometry: a spherically symmetric shell or a 
discc like structure. The latter introduces limitations for x and p which depend on the 
inclinationn angle and the opening angle of the disc. If we integrate over the line of sight, 
wee get 

UV,p,<f>)=UV,p,<f>)=  f™" Sye-W^dt (2.13) 
Jo Jo 

wheree S„ is the source function which we assume to be constant over the line profile and 
equall to the Planck function, B,,. For the the total flux we get 

F„{V)F„{V)  = I" r Iu{V,p,<f>)pdpd<f> (2.14) 
JOJO J-K 

Thee numerical HI  IR line flux calculations 

AA parameter study, varying the density and its gradient, gives a better physical insight in 
thee disc properties. This was done by calculating the HI IR line fluxes with the help of a 
simplee disc model (Waters 1986). 
Thee disc model consists of a disc with an opening angle 0, with 6 = 5°, and a density 
distribution,, p{r) = p0(r j R+Y0, where /? is the logarithmic density gradient. For mass 
continuityy this corresponds to a velocity v(r) = vo{r/Ri,Y~2. We adopt Keplerian ro
tation,, v^{r) = v^flJR+jr, for the disc where t^i0 is 0.7 times i v the breakup velocity, 
whichh is about 690 kms - 1 for a BO star. The disc is assumed to be isothermal at a temper
aturee of 0.6Tefj (see e.g. Waters & Marlborough, 1992) and has an outer radius (Rdisc) 
off 16 /?*. Beyond this radius the disc density is assumed to be negligible low. 
Thee IR lines were calculated from the Saha-Boltzmann equation using the local values of 
NNee and Te, while the Ho line profiles were calculated by solving thee equations of statistical 
equilibriumm for the levels 1 to 4 for a gas consisting of pure H (Poeckert & Marlborough, 
1978),, taking into account the underlying photospheric absorption line (Kurucz, 1979). In 
thesee calculations the disc is assumed to contain pure H. The line profiles were calculated 
usingg a ray-tracing technique, where for each line profile several hundred lines of sight 
weree used. 

Thee curve of growth 

Inn the theoretical COG (see Fig. 2.2) we plotted the HI IR line flux divided by the wave
lengthh on the vertical axis and the optical depth parameter (from Eq. 2.10) on the horizon
tall axis. The IR HI line fluxes were calculated for a BO star surrounded by a low-density 
discc seen pole-on. The stellar and disc parameters used in the disc model are as given 
inn Table 2.2 (Section 2.3). Only HI IR lines within the wavelength range between 2 pm 
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Figuree 2.2. COG for HI IR lines from a BO star surrounded by a low-density disc seen pole-on. 
Thee HI IR line fluxes, between 2 fim and 60 /im, are calculated with a disc model for 3 radial 
densityy gradients, the upper curve for /? = 2, the middle for (3 = 2.5 and the lower for /3 = 3. 

andd 60 ^m were considered and are expressed in terms of the photospheric flux, i.e. the 
equivalentt width (EW). We used the following values for the density and its logarithmic 

gradient;; p0
 : == 4, 2, 1, 0.5 -10"13 gem -3 and 0 = 2, 2.5 and 3. The density range is chosen 

inn such a way that the HI IR line fluxes remains detectable while the Ha line emission 
iss clearly visible at the higher densities and is hardly visible at the lower densities. The 
electronn density, Ne follows from 

NNee(r)(r)  = -yNi{r) 7PQ) ) 
y,my,mH H 

(2.15) ) 

wheree in this case the ionization fraction, 7 is 1 and the mean molecular weight for ions, 
HH is 1 (i.e. the gas consists of pure H in the disc model). 
Fig.. 2.2 shows three curves, each curve represents several IR line fluxes calculated for 

thee different densities and for one density gradient. We point out that Xune is proportional 
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too A (see Eq. 2.11 where An>n is proportional to A-1) i.e. lines in the far-IR may become 
opticallyy thick despite a decrease in the Einstein A coefficient towards higher n transi
tions. . 
Forr low values for the optical depth parameter Eiine the HI IR lines are optically thin; 
(EW/A)) oc EM and the slope of the curve shows no dependence on the value of f3. In the 
opticallyy thin region the steep gradient only affects the overall line flux; a steep density 
gradient,, (3 implies a low EM, so a lower line flux. A quantitative description for the EM 
inn case B will be given in section 2.2.3. 
Forr higher values for Eiine the IR HI lines become optically thick (for the larger densities 
rr uu % 1), the curve no longer shows a linear increase in line flux as Eline increases and 
thee slope of the curve now becomes dependent on (3. So the shape of the curve may give 
informationn on the density gradient in the disc. For a disc with a shallow density gradient 
thee lines are formed in a relative large, low-density region while in the case of a steep 
densityy gradient the lines are formed in a smaller and denser region where the lines are 
opticallyy thicker. So a steep radial density gradient yields a flatter curve in the optically 
thickk part. The onset of the optically thick part also depends on the gradient within the 
disc,, but this effect is weak. 
Thee COG for line fluxes has some useful applications: with IR HI line observations, one 
mayy plot \og(Xline) instead of log( £/,-„<.) on the horizontal axis; comparison with the the
oreticall curve will then give information about Xstar, thus about the density within the 
disc.. By selecting some HI IR lines which are on the optically thick part of the curve (like 
thee HI 10-9 line at 38.8 //m) and some optically thin lines (like the HI 11-8 at 12.3 ^m), 
onee can make an estimate for the density (from the horizontal shift). Finally the shape of 
thee curve may give an estimate for the radial density gradient within the disc. 

2.2.33 The simple approximation 

Wee now compare the numerical calculations to optically thin calculations using case B 
recombinationn theory, i.e. optically thick in the Lyman lines and optically thin in all other 
lines.. This is done to facilitate the calculations in the low-density limit, and to verify the 
accuracyy of the numerical code. 
Ann expression for the emissivity, j„ im is given by Brocklehurst (1971) 

47rjm,nn = hum}nNeN,am^n(Te) (2.16) 

wheree vm<n is the line frequency, h the Planck's constant, Ne and iV,- are the local elec
tronn and the local ion density, and am_+n(Te) is the effective recombination rate. For the 
aamm̂ n̂n(T(Tee)) we use the case B values from Hummer and Storey (1987). The recombination 
coefficientt includes the dominant physical processes like radiative recombination, radia
tivee cascade, collisional redistribution of energy by electrons and collisional redistribution 
off angular momentum by ions. 
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Thee disc is at constant temperature of 0.6Teff, has an opening angle 0, and a radial den
sityy distribution, p(r) = po(r/R^)~p. Integrating Eq. 2.16 over the volume of the disc 
gives s 

huhuminminggmm̂ n̂nEM(NEM(N<!<! )) _. 
hpprhppr ~ 4 ^ ( } 

wheree Iappr is the approximate total line emission, D is the stellar distance and EM is the e 
volumee emission measure. If we calculate the EM for a disc (as described) which extends 
too a radius, Rdisa we get 

EMEM = 4 p ^ -Rl-pl- (*<%* " l))  sin 9 ( n / 1 . 5 ) (2.18) 

wheree 7 is the ionization fraction, p. the mean molecular weight for ions, mH is the mass 
off a hydrogen atom, p0 the density at r = R*, 6 the opening angle and Rdi3C is the radius 
off the disc in units of fl*. We may use Eq. 2.18 if we assume that the disc is optically thin 
andd that there is no occultation (i.e. a pole-on orientation). If we see the disc edge-on, a 
largee part of the disc will be obscured by the star resulting in a lower EM(iVe), a factor 2 
lowerr than for a pole-on view. In the edge-on case this results in a lower integrated line 
flux. . 

Thee COG with the approximate HI  IR line fluxes 

Fromm Eq. 2.17 we can calculate the case B line fluxes, which can be compared with our 
numericall results by making a COG for both methods as shown in Fig 2.3. Since we use 
ann (almost) pole-on orientation, the occultation of the disc material by the stellar photo
spheree is negligible and we may use Eq. 2.18 as an accurate expression for the emission 
measure.. For comparison we only used the fluxes calculated for a radial density gradient, 
/?? of 2.5 and an inclination angle of 5°. 
Forr the case B line flux calculations (Eq. 2.17) we use the same stellar and disc parameters 
ass used in the disc model; for the effective recombination coefficient, a(ne,Te) we use 
valuesvalues from Hummer & Storey (1987) for a disc temperature (Tj) as given in Table 2.2 
(sectionn 2.3) and for an electron density of 108 cm - 3 . The effective recombination coef
ficientficient is given for a gas which consists of a mixture of He and H with a mean molecular 
weightt for ions, p = 1.25. In order to calculate the HI IR line fluxes for the same electron 
densitiess as used for the in the disc model, we use Eq. 2.15 with; 7 — 1 and p equal 
too 1.25 (for a gas which consist of mixture of Hydrogen and Helium, N(He)/N(H) = 0.1) 
andd the disc densities, p(r) were chosen in such a way that the electron density equals the 
valuee as used in the disc model. 

Thee numerical and approximate HI IR line fluxes for a density gradient 0 of 2.5 are plot
tedd in Fig. 2.3. The case B line fluxes are expressed in terms of the photospheric flux 
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Figuree 2.3. The COG for a BO star surrounded by a low-density disc seen pole-on, where the HI 
IRR line fluxes are calculated numerically, with the disc model (filled in dots), and with the case B 
approximationn (open dots) at a density gradient (3 of 2.5. 

(EW),, by using the Kurucz fluxes (1979) for the photospheric continuum. The HI IR 
fluxesfluxes calculated with the disc model are those from section 2.2.3. 
Fromm this comparison we may conclude that for a small line optical depth, Etinc the ana
lyticall calculations predict slightly smaller line fluxes. This offset between the two which 
mightt be due to the fact that the line calculations done numerically used level populations 
givenn by the combined Saha-Boltzmann equation, whereas the approximate line fluxes 
aree calculated with an effective recombination rate (Hummer & Storey, 1987) which in
cludess departure coefficients which still plays a role at these densities. The scatter in the 
analyticall curve is also due to this fact. A more quantitative statement will be made in 
sectionn 2.3.2. Furthermore one clearly sees that for larger values for EHne the HI IR lines 
gett optically thick, at this point the analytical optically thin calculations overestimates the 
linee flux, as expected. 
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2.2.44 An example; A full HI IR spectrum for r Sco, a BO star sur
roundedd by a low-density disc 

Inn paper I we showed an example of a B0.2V star, r Scorpii, which showed emission in 
thee IR HI lines, Bra and Br7 without noticeable emission in Ho. The infrared HI recom
binationn lines for r Sco were obtained at UKIRT on July 28 and 29, 1992 (UT), using the 
echellee facility grating spectrometer, CGS4. The Ho line profile was obtained at the 1.4m 
Coudéé Auxiliary Telescope at ESO, La Silla on August 29, 1990. New observations in 
Julyy of 1993 for the HQ line (Oudmaijer, private communication) and for Bra show that 
theree still is emission in the IR HI line, Bra at 4.05 y.m without noticeable emission in 
Ha,, based on the observations which were almost simultaneous (1.5 month in between 
thee observations). 
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Figuree 2.4. The predicted spectrum (from the COG) for r Sco surrounded by a low density 
discc seen pole-on (FWHM 68 kms"1). The density in the disc, p0 is 2 -1CT13 g cm"3 which we 
adoptedd from the model fittings for r Sco. The dashed line is the photospheric flux. 
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Thee COG can be used as a tool to estimate XsiaT (Eq. 2.12) and thus give information 
aboutt the density structure in the disc. The observations give the relation between the line 
fluxesfluxes and Xstar, while the theory gives the relation between the line fluxes and Eltne. 
Comparisonn of the shape of the observed and theoretical curves yields information on the 
densityy structure of the disc, i.e. the density gradient ƒ?, while the horizontal shift, needed 
too fit the theory with the observations, yields the parameter X3tar, from which the density 
poo can be derived if the stellar parameters are known. 
Too make an estimate of the disc density and its gradient for r Sco we use the observed line 
fluxes,, Bra and B H (from paper I). The observed Br7 line flux was corrected in paper I 
forr the underlying photospheric line flux, which resulted in an increase of the line flux by 
aa factor of 2. New observations for B n (Murdoch et al., 1994) justify this correction by 
showingg that our suspected presence of the underlying absorption feature was right. These 
observedd line fluxes were plotted against Xline. Because we have only two observed line 
fluxesfluxes for r Sco we can not say anything about the shape of the curve and thus about the 
densityy gradient. 0. The adopted values, from the horizontal shift, for p0 are 1.5, 2.1 and 
3.0-- 10"13 gem - 3 if we assume a /? of respectively 2, 2.5 and 3. To make a quantitative 
statementt about the density gradient one needs to observe more line fluxes over a large as 
possiblee range for Xune. 

Anotherr application of the COG for HI IR lines is that we can predict the full HI IR spec
trumm of T Sco. In Fig. 2.4 we plotted all line transitions between 2 fim and 60 ̂ m, up 
too the upper quantum level, m = 15. The predicted IR HI line fluxes were calculated by 
makingg a linear fit to the optically thin part and the optically thick part of the COG. We 
usee the COG as given in Fig. 2.2 where the HI IR line fluxes were calculated numerically 
withh a radial density gradient, (3 of 2.5 and the disc has an an inclination angle of 5°. For 
rr Sco we assume a density within the disc, p0 of 2 -10-13 gem -3 , which follows from the 
COGG adopted disc density. Note that for such a disc density Ha hardly shows emission 
(paperr I). The HI IR spectrum (Fig. 2.4) is adopted by assuming a single-peaked, Gaussian 
linee profile (pole-on orientation), with a FWHM of 68 kms -1 (paper I). The underlying 
photospheree (Kurucz, 1979) is corrected for the bound-free and free-free contributions 
fromm the disc. At about 50 ̂ m the bound-free and free-free continuum excess flux from 
thee disc becomes apparent. In Table 2.1 we give for the 17 most prominent HI IR lines the 
wavelength,, the equivalent width, the integrated line flux and line over continuum ratio. 
Tablee 2.1 shows that for new observations one can use different HI IR lines as probes for 
low-densityy discs. The most prominent lines are HI 10-09 at 38.8 //m and the HI 11-10 at 
52.55 fjm. Other HI line transitions at longer wavelengths will hardly show larger line over 
continuumm ratios, because the line optical depth, E,tne and the continuum excess flux, 
Z„-ll are both linear with wavelength. The line flux will decrease for transitions at longer 
wavelengths;; this gives an optimum line to continuum ratio for the HI IR line transitions 
inn the mid-infrared. 



2.32.3 A study ofB stars surrounded by a low-density disc 31 1 

Tablee 2.1. The most prominent HI IR lines from Fig. 2.4, approximate for r Sco (FWHM of 68 
kms-1).. IunJhont is the peak value of the linee relative to the total continuum in case of infinite 
spectrall resolution. 

line e 

15-12 2 
14-11 1 
14-12 2 
13-10 0 
13-11 1 
12-10 0 
11-09 9 
11-10 0 
10-08 8 
10-09 9 
09-07 7 
09-08 8 
08-06 6 
08-07 7 
07-06 6 
06-05 5 
05-04 4 

AA [/jm] 

36.5 5 
28.8 8 
49.5 5 
22.3 3 
38.8 8 
29.8 8 
22.3 3 
52.5 5 
16.2 2 
38.9 9 
11.3 3 
27.8 8 
7.5 5 

19.1 1 
12.4 4 
7.5 5 
4.1 1 

EW[A] ] 

80.9 9 
53.4 4 

197.9 9 
33.5 5 

144.3 3 
99.7 7 
65.0 0 

496.6 6 
39.9 9 

338.3 3 
20.8 8 

212.1 1 
9.6 6 

121.7 7 
63.3 3 
29.4 4 
10.4 4 

fi,„fi,„ee[Wm-[Wm-22l l 

1.3955 10"18 

2.2633 10~18 

1.0955 10"18 

3.8322 10"18 

1.9600 10"18 

3.6999 10"18 

7.4366 10"18 

2.2122 10~18 

1.6166 10"17 

4.5844 10-18 

3.5322 10"17 

1.0344 10"17 

8.4299 10~17 

2.5966 10"17 

7.5100 10"17 

2.6300 10~16 

1.0600 10"15 

11 line' * cont 

1.92 2 
1.77 7 
2.66 6 
1.62 2 
2.54 4 
2.38 8 
2.21 1 
4.92 2 
2.02 2 
4.61 1 
1.76 6 
4.16 6 
1.53 3 
3.64 4 
3.12 2 
2.63 3 
2.06 6 

2.33 A study of B stars surrounded by a low-density disc 

Inn this section we make an estimation of the density range for our low-density discs. This 
rangee is characterized by HI IR lines in emission while the Balmer lines do not show 
anyy emission feature because of the strong underlying continuum. Also we like to get 
ann impression of how this range varies with spectral type: which normal B star has the 
largestt probability of being surrounded by a low-density disc, the early or late B types? 
Thee visibility of the line emission from the disc strongly depends on the orientation angle 
off the disc. Thus the orientation angle will also have a large impact on the density range 
forr the low-density discs. Changing the orientation from a pole-on to an edge-on view 
willl result in a shift upwards in this density range, i.e. low-density edge-on discs will be 
harderr to detect. We will derive the density range for the pole-on case by studying the Ha 
linee profile with the disc model and using the case B approximation for determining the 
HII IR line profiles. 
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2.3.11 The HQ and IR line profile calculations with the disc model. 

Wee discriminate a normal Be star from a B star surrounded by a low-density disc using 
thee rate of distortion in the photospheric HQ absorption line profile. This distortion (disc 
emission)) depends on the density of the disc, p0, and the inclination angle, i, of the star. 
Thesee density and inclination (i = 5°, 30°, 90D) dependencies are shown in Fig. 2.5 for 
aa BO star calculated with the disc model. The stellar parameters we used are given in 
Tablee 2.2. 
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Figuree 2.5. Ho disc model calculations for a B0 star at a inclination angle of 5°, 30° and 90° 
forr 3 different densities, p0, the upper, middle and lower panel are at a density, p0 of resp. 4, 2, 1 

"'' gem" 
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Thee inclination angle has a large effect upon the visibility of the Ha emission from the 
disc;; when the inclination angle is changed from pole-on to edge-on all the emission 
fromm the disc is spread out over a larger velocity range. Thus, for the edge-on case the 
photosphericc absorption profile will hardly be distorted by the line emission from the disc. 
Fromm the rate of distortion in photospheric line profile of Ha one might roughly define 
ann upper limit for the disc density. Our class of low-density discs exists up to this critical 
densityy at which the emission from the disc becomes clearly visible in the line profile of 
Ha.. The difficulty in this case is the not well determined intrinsic photospheric absorption 
linee profile of Ha. Often one notices the distortion in Ha after finding possible disc 
featuress in the infrared. 
Inn the same way as done for a BO star surrounded by a disc, the Ha line profiles were 
calculatedd for stars with spectral type B2, B5 and B8. In all these cases we studied the Ha 
profilee for three inclination angles, i= 5°, 30° and 90°. For the underlying photospheric 
continuumm (Kurucz, 1979) we used values for #*, M* and Teff as given in Table 2.2. The 
temperaturee of the disc we used is 0.6TeJf. From these calculations we determined how 
thee distortion from the disc in the photospheric Ha line profile depends on spectral type 
(shownn in Fig. 2.7). A discussion on the derived critical density and the dependence on 
inclinationn angle is given in section 2.3.3. 
Thee disc density and inclination dependencies on the numerical HI IR line profiles are 
shownn in Fig. 2.6. Note that these profiles are calculated, under the same conditions as 
donee for the Ha line profiles in Fig. 2.5. Also for the Ffl IR lines the inclination has a large 
impactt on the line profiles; an edge-on orientation will decrease the line over continuum 
ratioo and so the HI IR line will be harder to detect than for a pole-on orientation. The 
advantagee for HI IR lines is the flat underlying continuum which makes it easier to detect 
thee emission from the disc. 

Tablee 2.2. The stellar parameters for the different spectral types. 

spectrall type 

BO O 
B2 2 
B5 5 
B8 8 

M*M*  (M0) 

15 5 
9.0 0 
4.5 5 
3.0 0 

R*R* (R@) 

6.0 0 
4.3 3 
3.0 0 
2.5 5 

TTeffeff (K) 

30000 0 
23000 0 
15000 0 
12000 0 

2.3.22 The approximate HI  IR line fluxes in the low-density limit . 
Forr determination of the lower limit for our low-density discs the following question needs 
too be answered: which HI IR line has the most prominent line over continuum ratio and at 
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Figuree 2.6. Disc model calculations for a B0 star at a inclination angle of 5°, 30° and 90° for the 
Braa line (4.05 (im) for 3 different densities, p0, the upper, middle and lower panel are at a density, 
PoPo of resp. 4, 2, 1 -10-13 gem-3. 

whichh disc density is this HI IR line still detectable? A quick estimate of the (peak) line 
too continuum ratio for each HI IR line can be made with the case B approximation for the 
HII IR line fluxes (section 2.2.3). In the low-density limit the optically thin approximation 
enabless us to simplify and speed up the HI IR line calculations. The justification of using 
thiss simple approximation follows from Fig. 2.3, where the approximation is compared 
withh the numerically calculated line fluxes. In the low-density limit (lower left corner of 
Fig.. 2.2) the approximate line fluxes fits the fluxes calculated numerically within a factor 
0.99 - 0.6. The discrepancy between the two methods can be explained by the fact that the 
approximatedd fluxes where calculated with NLTE recombination coefficients, whereas the 
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discc model assumes LTE. This results in a discrepancy which is the largest (about 40 %) 
forr the strongest line transitions. Whereas the weaker line transitions shows a discrepancy 
off only 10 %. Since in the low-density limit the discrepancy between the two methods 
onlyy gets smaller we will use this simple approximation for making an estimate of the HI 
IRR line fluxes. 
Wee calculated all HI line transitions within a wavelength range (between 2/̂ m and 50^m) 
whichh is largely covered by the Short Wavelength Spectrometer (SWS) on board the In
fraredd Space Observatory ISO. The case B line fluxes used are derived from Eq. 2.17, 
withh the stellar parameters as given in Table 2.2, for all HI IR line transitions up to the 
upperr quantum level m = 15. In order to derive a line over continuum ratio, all the HI IR 
linee fluxes were fitted with a single (double) Gaussian line profile for pole-on (edge-on) 
orientation.. For the pole-on case we used a FWHM of 68 kms - 1 which was derived from 
thee observed line profiles for r Sco (paper I) and for the edge-on case we used a line pro
filefile derived from the numerical disc model calculations: a double Gaussian with a FWHM 
off 200 kms -1 and a peak separation of 560 kms -1 (see Fig. 5.2). In these calculations for 
thee edge-on case we took into account the occultation effect which reduces the HI IR line 
fluxx by a factor 2 if we go from a pole-on to a edge-on orientation. For the underlying 
photosphericc continuum we adopted the values from Kurucz (1979) with /?*, M* and Tejj 
ass given in Table 2.2. 
Thee detection limit for the HI IR line fluxes (the density above which the strongest HI IR 
linee is still detectable) is found by recalculating the line to continuum ratio (for all HI IR 
lines)) while reducing the disc density iteratively until the detection limit is reached for the 
mostt apparent line. Here we defined a line over continuum ratio of 1.05 (peak value) as 
detectionn limit. 
Fromm these calculations we find that, for every B spectral type (B0, B2, B5 and B8), the 
HII IR line, 10-09 at 38.8 (im has the largest line over continuum ratio in the mid-infrared 
(upp to 50 fim). This line, as well as the other lines in Table 2.1, will be good target lines 
forr ISO to detect with the SWS. Because the HI IR lines, like Bra and Br7 for r Sco are 
alreadyy found in emission, other lines in the mid-infrared must show much larger values 
forr IunJhont if our model is appropriate. In the case of a pole-on orientation this resulted 
inn a lower limit as shown in Fig. 2.7. 

2.3.33 The density range for  low-density discs 
Thee density range for our class of low-density discs is given in Fig 2.7, where the lower 
limitt is calculated with the case B approximation and the upper limit is determined from 
thee rate of distortion in the Ha photospheric line profile calculated with the disc model. 
Thee range in disc density for our low-density discs decreases for later spectral types. This 
iss due to the following: for later spectral types we have an increase in the line strengths 
forr HI recombination lines, whereas the effective temperature decreases (the optical con-
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Figuree 2.7. The density range for p0 for our low-density discs where we see HI IR emission lines, 
whilee in the optical HI lines, like Ha, shows no emission features. The lower limit, determined by 
thee detectability of the line (/(me//co„(.), is giver, for a pole-on view. 

tinuumm decreases). So the same disc density will cause a greater distortion in the photo-
sphericc absorption line of Ho for these later type stars. 
Thee orientation of the disc has a large impact on both limits. In the edge-on case the line 
fluxflux smears out over a large frequency space and reduces the (peak) line over continuum 
ratioo for the HI IR lines. This causes an overall shift upwards by a factor of 4 in density 
forr the lower limit (if going from pole-on to a edge-on orientation). The upper limit will 
alsoo shift upwards although it is difficult to make a quantitative statement about the impact 
off the orientation on the distortion in the Ha line profile. From Fig. 2.5 the edge-on case 
showss no clear asymmetric features up to a p0 of 4 -10~13 gem -3, so certainly more than 
aa factor of 2. Thus, going from a pole-on to an edge-on view results in an overall upward 
shiftt of the density range for our B stars surrounded by low-density discs. 

2.44 Discussion 

Thee application of the COG on r Sco, considered as a Be star surrounded by a low-density 
discc with a pole-on orientation, may be seen as an example how effective this method is in 
gettingg a better insight in the line formation, the discs density and its structure. The COG 
forr HI IR line fluxes method may become as important as the COG for the continuum 
excesss (now the IR spectroscopy is going through fast improvements). Whether or not r 
Scoo has a disc like structure, this study on discs around B stars predicts how the HI IR 
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spectrumm may look in the low-density limit. The HI IR line, 10-09 at 38.8 fim is the HI 
IRR line with the largest line over continuum ratio in the mid-infrared (up to 50 ^m). This 
line,, as well as the other lines in Table 2.1, will be good target lines to detect low-density 
discss with the SWS. 
Thee inclination angle for the disc has a large impact on the (peak) line over continuum 
ratioratio for the HI IR line profiles and also on the rate of distortion in the photospheric Ha 
linee profile. Both, the occultation effect and the smearing out of the line flux over a larger 
frequencyy space play a role: if going from a pole-on to a edge-on orientation this results in 
aa shift upwards for the range in density for our low-density discs (with about a factor 4 in 
density).. From the investigated density space for the different spectral types we conclude 
thatt the normal early B type stars have the largest probability of being surrounded by a 
low-densityy disc which can only be traced by looking at the HI IR line transitions. 
Ass an extension one might study the impact of the inclination angle on the line optical 
depthh in the optically thick part of the COG for HI IR line fluxes. We expect that an 
edge-onn orientation will give a less steep gradient in the optically thick part of the COG 
thann in case of a pole-on orientation, i.e. the lines become optically thick, because of the 
linee of sight through the disc gets longer. On the other side, because of the larger velocity 
space,, line radiation might escape more easily. 
Wee pointed out in paper I that in the case of r Sco the emission might come from a low-
densityy disc seen pole-on, although other models could not be excluded. Murdoch et al. 
(1994)) have found also Bra and Bry in emission for r Sco and a for second star, 10 Lac (a 
099 MK standard star). Murdoch et al. (1994) explained these emission features by using 
aa spherical NLTE atmospheric model. They suggest that a disc model with a pole-on ori
entationn is rather exceptional. New observations for r Sco for other HI IR line transitions 
mightt give information on which atmospheric model suits best: the disc model will give 
otherr line ratios than the NLTE model used by Murdoch et al. (1994). The disc model 
calculationss for B stars demonstrate that, under LTE-conditions, other HI IR lines show 
muchh stronger line to continuum ratios than the already observed Bra. 
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Chapterr  3 

Emissionn features in Bra and Br7 
spectraa of normal O and B stars. 
RA.. Zaal, L.B.F.M. Waters, T.R. Geballe, J.M. Marlborough 

A&AA&A 326,237 (1997) 

Wee present high resolution Bra and Br7 spectra for 15 near main-sequence 
OO and B stars with a broad range in vsini and with spectral type between 0 9 -
B2.. The HI infrared lines probe the outer regions in the atmosphere and the 
onsett of the stellar wind. The slowly rotating stars (with t>sim' < 50 kms"1) 
showw weak, single-peaked emission features on top of a broad absorption 
line.. The most likely explanation is a non-LTE effect in the outer photosphere 
causingg emission at line center. The slow rotators include two /? Cephei stars, 
bothh of which also show Hel (4.049 ^m) emission. This indicates a significant 
increasee in the degree of ionization in the outer layers of these B2-3 stars. For 
thee higher vsmi stars we find two cases (out of six) in which weak, double-
peakedd emission is visible on top of the photospheric absorption. These two 
starss probably have low-density discs which are apparent only in the infrared 
fflffl lines (Zaal et al., 1995). 

3.11 Introductio n 
Thee structure of the extended stellar atmospheres of O and B dwarfs is not well under
stood.. In the spectral type range 09-B3 radiative forces become rapidly less important 
ass the luminosity of the star drops to later spectral types, allowing other effects such as 
pulsation,, rotation and magnetic fields to play a more prominent role. These cause a wide 
varietyy in spectral subclasses depending on which force, or combination of forces, domi
natess and also at which wavelength the star is observed. 
Fromm the UV we know these stars have a radiatively driven wind with mass loss rate 
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varyingg from 10 - 7 M0yr_ 1 at 09 to 10"10 N^yr"1 at B3. The P-Cygni profiles found in 
thee UV lines of O stars and the blue-shifted absorption wings found in the UV lines of 
early-BB stars, reveal the presence of high-velocity winds (about 500-3000 kms -1), which 
aree assumed to be roughly spherical (but not homogeneous). 
However,, optical and infrared observations show that in some cases the envelope is not 
sphericallyy symmetric; examples are the B[e] and Be stars. Interferometric observations 
att optical and radio wavelengths demonstrate directly that the envelopes of Be stars are 
indeedd flattened (Mourard et al., 1989; Dougherty & Taylor, 1992; Stee et al., 1994). 
Alsoo the optical continuum shows linear polarization caused by electron scattering. The 
Hoo line shows a double-peaked emission profile whose width is correlated with vsini, 
andd at longer wavelengths there is an excess of radiation due to free-free and free-bound 
continuumm emission from the ionized circumstellar gas. 
Thee discovery of strong Bra (4.05 /j,m) emission in two slowly rotating "normal" OB 
stars,, T Sco, B0.2V (Waters et al., 1993) and 10 Lac, 09V (Murdoch et al., 1994), with 
vsinivsini of 22 and 31 kms - 1 , respectively, has led to the suggestion that slowly rotating stars 
aree capable of producing low-density discs (Waters et al., 1993). A theoretical study of 
thee IR spectrum of OB stars with low-density discs (Zaal et al., 1995) has shown that 
thee HI lines in the infrared are sensitive indicators for the presence of such a disc. The 
densitiess predicted in the Wind Compressed Disc (WCD) model of Bjorkman & Cassinelli 
(1993)) would perhaps lead to detectable emission in the IR lines while leaving the Ha line 
unaffectedd (Zaal et al., 1995). However, the rotation velocities needed for disc formation 
aree above 50-60% of the critical rotation speed (Vrot > 230-300 kms -1). This would 
implyy that both r Sco and 10 Lac are seen pole-on. 
AA different explanation for the emission lines, seen in the infrared for 10 Lac and r Sco, 
iss that HI IR line emission arises as a result of non-LTE effects in the atmospheres of O 
andd early-B stars (Murdoch et al., 1994). The emission is due to a combination of stimu
latedd emission {hujkT < < 1) in the infrared and departures from LTE in the line forming 
regionss for the upper and lower quantum levels involved (6up > 6i0). The main constraint 
forr this mechanism to operate for the HI IR lines is that hydrogen needs to be mainly 
ionizedd (see Section 3.3.1). 
Bothh effects always need to be considered, while the possible presence of a low-density 
discc depends on the rotation velocity of the star. Non-LTE model calculations (Hubeny 
&& Lanz, 1995; Chang ct al„ 1991; Carlsson et al., 1992) have improved much over the 
lastt two decades and now provide good insight into the HI IR line formation in the atmo
spheress of hot stars. Sigut & Lester (1995) describe the line formation for Mgll Rydberg 
transitionss in B stars. For spectral types earlier than B3, where HI will be mainly ionized, 
thee HI IR lines will go into emission in the same way as Mgll in case of the B stars. 
Thesee HI lines will be highly sensitive to departures from LTE in the outer atmosphere. 
Thiss effect, together with the possibility of disc formation, makes the HI IR lines difficult 
too interpret, but at the same time also very interesting and powerful as a tool to study the 
structuree of these hot atmospheres. 



3.13.1 Introduction 41 1 

Tablee 3.1. The program and template stars. Given is the HD number, the name, spectral type, 
VV magnitude and vsini and which lines are observed. For all the O stars, r Sco and 22 Sco the 
spectrall type is derived from Walborn (1982) and for all the other stars the spectral type is derived 
fromm the Bright Star Catalogue and its supplement. The V magnitude and vs'mi are derived from 
thee BSC. For HD 195965 the vsini is estimated from the high-dispersion IUE spectra, i Her and 9 
Ophh are the /? Cephei stars. 

Star r 
HD D 

214680 0 
209481 1 
193322 2 
155889 9 
149438 8 
195965 5 
218376 6 
180968 8 
203938 8 
157056 6 
148605 5 
138485 5 
142114 4 
120315 5 
160762 2 
141527 7 
219134 4 
201091 1 
141637 7 

Name e 

100 Lac 
14Cep p 

HR7767 7 

TT SCO 

ICas s 
22 Vul 

0Oph h 
222 Sco 
C4Lib b 
22 Sco 

r\r\  UMa 
LL Her 

RCrB B 
HR8832 2 
61Cyg g 

11 Sco 

Spectral l 
type e 
09V V 
09V: : 

09V:((n)) ) 
09IV V 

B0.2V V 
B0V V 

B0.5IV B0.5IV 
B0.5IV B0.5IV 
B0.5IV B0.5IV 

B2IV V 
B2.5V V 
B2Vn n 

B2.5Vn n 
B3V V 

B3IV V 
GOIep p 

K3V V 
K5V V 
B3V V 

V V 

4.88 8 
5.56 6 
5.84 4 
6.55 5 
4.73 3 
6.98 8 
4.85 5 
5.43 3 
7.08 8 
3.27 7 
4.79 9 
5.50 0 
4.59 9 
1.86 6 
3.80 0 
5.85 5 
5.56 6 
5.21 1 
4.64 4 

usini i 
[kms"1] ] 

31 1 
130: : 
110: : 

40 0 
24 4 

>200 0 
50 0 

332 2 
220 0 
35 5 

232 2 
256 6 
308 8 
205 5 

11 1 
18 8 
--

<< 17 
300 0 

Lines s 

Bra,7 7 
Bro,7 7 

Br7 7 
Bra a 

Bra,7 7 
Br7 7 
Bra a 
Bra a 

Braa ,7 
Bra a 
Bra a 

Braa ,7 
Braa ,7 
Bra,7 7 

Bra a 
Bra a 
Bra a 
Br7 7 
Br7 7 

Basedd on these considerations we decided to investigate observationally the IR spectra 
off "normal" OB stars with spectral type varying from 09 to B3. The sample of 15 stars 
whichh was studied is given in Table 3.1. For these stars vsini ranges from 10 to about 330 
kms - 1 .. Nine of the 15 stars observed showed emission features in the Bra and/or Br7 
line.. The observed high-resolution line profiles are very diverse, showing evidence for 
non-LTEE effects in the atmosphere and possibly also the existence of low-density discs 
aroundd B stars. Furthermore two 0 Cephei stars show Bra emission and strong Hel 4.049 
fimfim emission. 
AA description of the observations is given in Section 3.2. Each spectrum will be discussed 
inn detail in Section 3.3. Finally the conclusions will be given in Section 3.4. 
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Tablee 3.2. Quantitative measurements for the observed spectra given in Figure 1. The object 
name,, line, which component (e = emission, a = absorption and f = flat), equivalent width (EW), 
FWHM,, line-velocity of central peak or absorption, the line over continuum value of the central 
absorptionn or emission and the signal to noise ratio (S/N) of the spectrum are given. In the last 
columnn we note which template is used. Note that the EW given for the absorption component of 
Br77 spectra and for some Bret spectra as well is a lower limit (see section 3.2) 

Name e 

100 Lac 

14Cep p 

HD193322 2 
HD155889 9 

TT SCO 

HD195965 5 
11 Cas 

22 Vul 

HD203938 8 

ÖOph h 

222 Sco 
C4Lib b 

22 Sco 

T)T) UMa 

tt Her 

Linee Comp. EW FWHM Line vel. I//Ic 

[A]] [kms"1] [kms"1] 
Braa a 5.3 - - -
Braa e -5 .1 65 - 9 1.64 
Br77 a 2.3 307 - 12 0.93 
Br77 e -0 .2 63 - 2 6 1.05 
Braa e -6 .9 300 - 3 0 1.20 
Br77 a 3.0 400 -180 0.95 
Br77 e -1.0 184 -122 1.04 
Br77 a 2.2 450 12 0.94 
Braa e -2.0 73 3.6 1.28 
Braa e -10.1 85 - 4 1.87 
Br77 a 4.3 500 2 0.89 
Br77 e -0.4 66 - 8 1.08 
Br77 f - - -
Braa a 8.3 700 - 0.90 
Braa e -1.2 70 - 2 2 1.12 
Braa e(V) -0.3 29 -197 1.10 
Braa e(R) -0.4 30 232 1.10 
Braa a 4.7 400 - 0.93 
Braa e(V) -0.7 78 -128 1.07 
Braa e(R) -0.7 100 130 1.06 
Br77 a 1.3 230 10 0.91 
Braa a 7.9 386 -1.4 0.88 
Braa e -0.62 53 2.7 1.08 
Braa a 5.0 545 30 0.90 
Braa a - - -
Br77 a 4.1 517 - 1 0.89 
Braa a 4.5 - - 0.93 
Br77 a 5.4 680 8 0.83 
Braa a 5.5 370 3 0.90 
Br77 a 4.6 470 7 0.86 
Braa a 5.6 237 0.0 0.85 
Braa e -0.5 37 1.2 1.11 
Hell e -0.6 33 5.6 1.12 

S/N N 

90 0 

150 0 

30 0 
140 0 

140 0 
14 4 
66 6 
210 0 

36 6 
40 0 

43 3 

55 5 

125 5 
71 1 

25 5 
16 6 
100 0 
39 9 
150 0 
180 0 
110 0 
84 4 

Template e 
[HD] ] 

219134 4 

201091 1 

219134 4 
219134 4 

201091 1 
141527 7 
142114 4 
141637 7 

201091 1 
219134 4 

141527 7 

141527 7 

219134 4 
141527 7 

141527 7 
141527 7 
141637 7 
141527 7 
141637 7 
141527 7 
141637 7 
141527 7 
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3.22 The observations 
Thee observations reported here were obtained at United Kingdom Infrared Telescope 
(UKIRT)(UKIRT) on July 4th and 5th, 1994, using the echelle of the facility grating spectrom
eter,, CGS4. The spectral resolution was 14,000 at 4.05 fxm (Bra) and 15,000 at 2.17 j*m 
(Br7),, corresponding to velocity resolutions of 22 kms - 1 and 20 kms - 1 , respectively. The 
spectrall coverage is about 1450 kms - 1 and 1300 kms"1 for Bra and Br7, respectively. 
Integrationn times were varied according to the brightness of the star and the possibility 
thatt a weak emission feature was being detected. Weather conditions were good except 
inn the beginning of the first night, which we used for the more easily observable Br7 tine. 
Wavelengthh calibration was achieved by observation of the krypton and argon lamps, tel
luricc absorption lines and NGC6572. The velocity scales are believed to be accurate to 
aboutt 3 kms - 1 . 
Thee atmospheric and instrumental transmission and interference fringes (caused by in
ternall reflections within the instrument) were canceled by ratioing using stellar standards. 
Forr the Bra line we used HD219134 (HR8832) and HD141527 (R CrB) as template stars. 
Thee Bra spectrum of HD219134 was corrected artificially by removing an unidentified 
weakk absorption feature at about -500 kms - 1 from the central wavelength of Bra. Be
causee of its peculiar spectrum R CrB is a good template star, since it has a strong dust 
continuumm without HI absorption lines. 
Forr the Br7 line we used HD201091 (61 Cyg) and the rapidly rotating star HD141637 (1 
Sco,, B3V) as template stars. We used 1 Sco instead of R CrB because the latter appeared 
too have a stronger fringe pattern, probably due to unstable weather during the beginning 
off this specific night. In order to use the spectrum of 1 Sco as a template star the broad 
photosphericc absorption profile had to be removed. This was done by dividing the original 
spectrumm of 1 Sco by a smoothed version of the original 1 Sco spectrum and multiplying 
itt by the smoothed spectrum of R CrB. This resulted in a template spectrum for which the 
small-scalee structure (sky and fringe) was taken from 1 Sco and the global pattern from R 
CrB,, assuming it has a flat continuum. The same method to obtain an alternate template 
starr was used in one other case. To reduce the Bra spectrum of r Sco we used the Bra 
spectrumm of HD142114 (2 Sco) as template instead of R CrB. R CrB was not suitable 
anymoree because it was observed at the beginning of the set while r Sco was observed at 
thee end of the set (more than 2 hours time difference). 
Quotientt spectra are optimized by scaling the equivalent width (EW) of the telluric lines 
off the template spectrum to the stellar spectrum. In some of the spectra residual fringes 
aree still visible. In these cases the spectrum of the star itself has a slightly different fringe 
patternn than the fringe pattern in the spectrum of the ratio star and therefore could not be 
completelyy removed. In the reduction we used a cross-correlation to correct for possible 
phasee shift between the two fringes, before dividing by the spectrum of the ratio star. Note 
thatt the shifts determined from this cross-correlation are small compared to the spectral 
resolution.. Normalization of the continuum was done by making a linear fit through two 
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pointss at the wavelength extrema of the spectrum. For stars with a large vsini the limited 
widthh of the detector in the dispersion direction makes it difficult to obtain a good deter
minationn of the continuum level. Model calculations of photospheric lines might lead to 
re-determinationn of the continuum level in several cases. 
Thee spectra are shown in Section 3.3 and the corresponding line parameters and template 
starss are given in Table 3.2. For seven stars in this sample we have both Bra and Br7 
spectra,, for six stars Bra only, and for two stars Br7 only. All spectra are corrected for 
thee motion of the earth, sun and radial velocity of the star (from the Bright Star Catalogue 
andd its supplement). 
Thee parameters given in Table 3.2 were obtained as follows. For lines for which an emis
sionn feature was superimposed on a broad absorption line, the emission was removed and 
thee residual absorption profile fitted with a polynomial. The interpolated residual was 
thenn subtracted from the original spectrum, yielding a spectrum which contained only the 
emissionn component. Then the EW, the FWHM, the line velocity of the central emission 
(orr absorption), and the line to continuum ratio were determined by using a gaussian fit. 
Thiss was done only in case where the S/N (see Table 3.2) was sufficient. Note that this 
discriminationn between emission and absorption is non-physical and was used only to 
obtainn an unambiguous method of measuring the specific line strengths. When the line 
profilee was asymmetric, the line velocities were determined by taking the velocity of the 
locall maximum or minimum (instead of taking the peak velocity of the gaussian). The 
S/NN ratio was determined from the root mean square (RMS) fluctuations at the extrema of 
thee spectrum. The equivalent width (EW) of the absorption component of Bra and Br7 
spectraa (as given in Table 3.2) is in most cases an lower limit because the full width zero 
intensityy (FWZI) is in most cases larger than the spectral coverage. This is mainly due to 
Starkk broadening or due to the large usim of the star. 

3.33 Description of the observed spectra 

Off all 13 program stars observed at Bra 9 have emission and at least 4 of the 9 show both 
Braa and Br7 emission. If the sample is divided into two groups, with vsini > 180 kms - 1 

andd vsini < 180 km s - 1 , 7 of the 8 slow rotators have line emission while only 2 of the 
77 rapid rotators show line emission. 180 kms - 1 is about the threshold usim for disc 
formationn in the WCD model (Bjorkman & Cassinelli, 1993). About 10% of the 09/B2 
starss are known to have Ha emission (Jaschek & Jaschek, 1983). Although our sample is 
small,, this suggests that the Bra (or Br7) line is more frequently observed in emission in 
sloww rotators than is the Ha line. Indeed several stars in our sample show Bra emission 
butt no Ha emission (r Sco, 10 Lac and 1 Cas). 
Inn order to give a more detailed description we subdivide our sample into four groups of 
stars:: (1) late-0 and early-B stars with vsini < 180 Jems-1, (2) rapidly rotating B stars, (3) 
(3(3 Cephei stars, and (4) others. The commonly accepted physical background of each of 
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thee subsets is discussed, followed by a detailed description of the observed spectra. The 
name,, spectral type and vsini (krns-1) given, are from the Bright Star Catalogue (Hoffleit 
&& Jaschek, 1982) and its supplement (Hoffleit et al., 1983). 

3.3.11 The late-O and early-B stars with vsini < 180 krns" 1. 

Thee stars in this subset are r Sco, 10 Lac, 1 Cas and HD193322 (see Table 3.1). None of 
thee stars in this subset is known to have (or to have shown) Ho emission. 14 Cep (spec
troscopicc binary) and HD155889 are discussed in the last section (others) because their 
spectraa show or have shown Ha emission. 
Becausee of high temperatures in the atmospheres of these stars non-LTE effects are im
portant,, especially for line formation in the infrared. In such a case non-LTE effects give 
riserise to a different atmospheric structure, i.e. different T(r) and p(r). Also the departure of 
thee level populations of the quantum levels involved from their LTE values causes some 
liness to go into emission. 
Thesee lines go into emission because of the combination of stimulated emission (hvjkT 
«« 1) in the infrared and departures from LTE for the upper and lower quantum levels 
involvedd (6up > ko)- The mechanism is thought to be the same as that leading to emis
sionn in the Rydberg transition of Mgl at 12 /im in the solar spectrum (Murcray et al., 
1981;; Carlsson et al., 1992). The main constraint for this mechanism to operate is that 
thee dominant ionization stage of the element is one higher than that of the transition being 
considered. . 
Thee Stark broadened wings in the HI IR lines are formed in the deeper photosphere where 
itss departure coefficients are still equal to 1, while the line core is formed in the outer pho
tospheree where depopulation takes place for quantum levels higher than 3. The departure 
coefficientt of the upper level is always closer to 1 due to the stronger collisional coupling 
off the upper levels to the next ionization stage. This results in bup/b\0 > 1, which com
binedd with the stimulated emission (hv « kT) drives the line core into emission. For 
aa more detailed description of non-LTE line formation we refer to Sigut & Lester (1996, 
Sectionn 3.4.4). 
Althoughh we do not expect disc formation for the stars rotating more slowly than 200 
kms - 11 for a star with spectral type B2 (Bjorkman & Cassinelli, 1993), some stars in our 
samplee may be rapid rotators with a pole-on orientation. Such stars might give rise to 
strongg HI IR lines without showing any emission in Ha (Zaal et al., 1995). 
Threee stars in this subset show single-peaked Bra emission features. Two stars, r Sco 
andd 10 Lac, were already known to have emission in Bra and Bf7 (Waters et al., 1993; 
Murdochh et al., 1994). In a static atmosphere the line is expected to be symmetric and to 
bee at zero velocity in the rest frame of the star. However, in these three cases the emission 
liness are slightly asymmetric and show an overall negative peak velocity. This might indi
catee that at the level where non-LTE effects become dominant there is an overall outward 
directedd velocity, i.e. the line is formed in the onset region of a stellar wind. 
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Figuree 3.1. The Bra and Br-, for the late-0 and early-B stars with vsini < 180 kras-1, 
velocityy scale in this figure and all subsequent ones refers to the center of mass of the star. 

The e 

HD149438HD149438 (r Sco, B0.2V, usim 24 kms^1, Fig. 3.1): This star was discovered to have 
emissionn in Bra and Br7 by Waters et al. (1993). The observations in 1992 showed a 
strong,, single-peaked Bra emission line with a peak line to continuum peak ratio of about 
2;; the peak velocity of the line was shifted slightly to shorter wavelengths. The Br7 pro
filee of 1992 was rather noisy but a emission feature, with a peak line to continuum ratio 
off 1.05, was clearly visible. 
Bothh Brackett lines were observed again with improved S/N ratio. Again a slight offset 
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too shorter wavelengths is found for the peak velocity of the emission, although it is less 
thann that in the 1992 data. It is not symmetric; the slope on the short wavelength side is 
shallowerr than the slope on the long wavelength side. The wings extend to velocities of 
aboutt 0 kms-1, with the short wavelength wing being stronger than the long wave
lengthh wing. The Hel line (4.049 /im, at -234 kms-1 in Fig. 3.1) is suspected to be in 
emissionn and to blend with the short wavelength wing of the Bra emission. 
Thee Br7 spectrum shows strong Stark broadened absorption wings with a weak emission 
featuree in its center. The emission feature peaks at a velocity of -8 kms-1. The Stark 
wingss of Br7 still show sizable slopes at the outer edges of the spectral range, which im
pliess that the EW of the absorption component as given in Table 3.2 is a lower limit 
Inn order to compare between the Bra line profiles observed in 1994 and in 1992 we re
ducedd the 1992 data again, in the same way as described in section 3.2. Because of a 
betterr continuum determination the equivalent width given by Waters et al. (1993) has 
beenn adjusted from 10 to 14 A. Compared to 1992 we find that: (1) - the line shape has 
nott change significantly; (2) - the line strength decreased by 4 A; and (3) - the He 14.049 
pmpm line is suspected to be in emission in both spectra. The strong asymmetry was not 
noticedd in the 1992 data because of the lower S/N ratio. Furthermore, for both lines the 
peakk velocities have an overall negative value with respect to the photosphere, 
rr Sco is a peculiar star. It is a source of X-rays (Swank, 1985; Cassinelli, 1985) with an 
unusuallyy hard component suggesting the presence of very hot gas (> 107 K) near the star. 
Thee presence of the strong blue-shifted absorption wings in the resonance lines of CIV, 
SilV,, NV and OVI indicates a mass loss rate of 710 - 9 M©yr_1 at velocities up to 2000 km 
s_11 (Lamers & Rogerson, 1978). These authors also note the presence of long wavelength 
absorptionn wings in the lines of OVI and NV, indicating considerable turbulent velocities 
off about 150 kms-1 in the deeper layers of the envelope where the expansion velocity is 
stilll small. The presence of the strong blue-shifted absorption wings in the resonance lines 
off CIV, SilV and NV are unique for its spectral type and are stronger than those in normal 
09VV spectra (Walborn et al., 1985). In the optical there are no peculiar features except 
thee strong non-LTE line center found in Ha (Waters et al., 1993). However Smith & Karp 
(1978)) found evidence for some kind of radial motion in the photosphere of r Sco. The 
emissionn found in the Br7 and Bra spectra are mainly due to the non-LTE mechanism as 
describedd above. It is not clear if the material seen in OVI and NV by Lamers & Rogerson 
(1978)) is also related to the emission (and asymmetry) seen in the Bra and Br f spectra. 

HD214680HD214680 (10 Lac, 09V, i>sim 31 kms-1, Fig. 3.1): The Bra spectrum shows a strong 
emissionn profile on top on a weak, broad, underlying photospheric absorption as already 
seenn by Murdoch et al. (1994). The Bra peaks at a velocity of-9 kms"1. The emission 
profilee is asymmetric; also an extra absorption component, with a central dip of about 
0.99 times the continuum, is visible at about +85 kms-1. This extra absorption can also 
bee seen in the Bra spectrum given by Murdoch et al. (1994). The BTJ spectrum closely 
resembless the Br7 profile of r Sco; it shows a symmetric absorption component with a 
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weakk emission component. Note that the FWZI probably is larger than the spectral cov
erage,, so the EW of the absorption component as given in Table 3.2 may be a lower limit. 
Thee features seen in the Br7 spectrum at velocities greater than 250 kms - 1 are artifacts 
off the data reduction (see Section 3.2). The central emission feature peaks at a velocity of 
- 2 55 kms - 1 , shifted even further onto the blue flank than r Sco. 
100 Lac is a well-known main sequence star with weak stellar-wind features in the UV 
(Underhill,, 1975; Kaper et al., 1996). They showed that 10 Lac shows discrete absorp
tionn components (DACs). These variations in the UV imply variability in the wind, likely 
causedd by corotating wind structures. They determined that the period of the DACs is 
>> 4 days, i.e. 10 Lac is a slow rotator. This excludes the Bro and Br7 emission is due 
too a low-density disc. For 10 Lac and r Sco Murdoch et al. (1994) associate the Brackett 
emissionn features with non-LTE effects in the outer parts of the photosphere. The Ha line 
observedd with the echelle spectrograph of the William Herschell Telescope (WHT), 1994 
(too be published) shows a deep, sharp and symmetric absorption profile which is expected 
forr this slow rotator. 
Bothh Bra and Br7 show Stark broadened absorption wings, formed deeper in the photo
sphere.. This feature together with a central emission component is consistent with that 
expectedd from line formation in a non-LTE atmosphere. However, the negative peak 
velocitiess might indicate the emission is formed in the onset of the stellar wind. The re
markable,, long-wavelength shifted, absorption component (at about + 85 kms -1) seen 
inn the Bro spectrum remains unexplained. It does not seem to be part of the underlying 
photosphericc absorption, which is believed to be much broader. Perhaps it represents the 
downwardd portion of a flow similar to that discussed by Smith & Karp (1978) for r Sco. 

HD218376HD218376 (1 Cas, B0.5IV, usini 50 kms"1, Fig. 3.1): The Bro spectrum shows a weak 
andd broad absorption filled in with a relatively broad, central emission peak. The absorp
tionn may extend beyond the edges of the observed spectrum. The peak velocity of the 
emissionn component is - 2 2 kms -1 , its feature is much weaker compared with those in 
100 Lac and r Sco, which is expected because of its lower Teff. The HQ spectrum (WHT 
1994,, to be published) shows a symmetric deep absorption line profile. 

HD193322HD193322 (HR7767, 09V:((n)), usim 110: kms"1, Fig. 3.1): This star, is only observed 
inn Br7, shows a weak broad absorption feature with weak asymmetric features on its 
wings. . 
Thee nature of this star is controversial. Garmany et al. (1980) consider it to be a sin
glee star. Whereas Fullerton et al. (1996) find small velocity variations and consider 
HD1933222 to be a double-lined spectroscopic binary. Costero et al. (1984) determined a 
maximumm wind velocity of 1820 kms"1 from the resonance lines in the ultraviolet. No 
infraredd excess is found from IR photometry (Castor and Simon, 1983). Hutchings et al. 
(1979)) report that there are two components visible in Hel (5876 A): a shallow absorption 
featuree and a sharp stronger absorption. They attributed the sharp feature to the presence 
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off a shell. 
Althoughh this star has the same spectral type as 10 Lac, it shows no obvious emission fea
tures,, possibly due to its higher vsini. The weak asymmetric features would be consistent 
withh a spectroscopic binary interpretation. 

3.3.22 The rapidly rotating B stars. 
Forr B stars with vsini > 180 kms-1 we may expect to find a double-peaked emission line 
duee to the possible presence of a low-density disc, because Bjorkman & Cassinelli (1993) 
predictt disc formation for these stars (see Section 3.1). 
Forr two of these fast rotators, 2 Vul and HD203938, we find weak double peaked emis
sionn in the Bra spectra, which indicates the presence of a low-density disc. These spectra 
aree the first of this kind showing double peaked emission in Bra while the optical Ha 
iss still in absorption. The peak velocities of the emission lines are remarkable; they are 
lowerr than expected based on vsini of the star. Perhaps the disc is rotating more slowly 
thann expected. Why this might be the case is hard to explain. The difference between the 
discss found for normal Be stars, which emission does peak on vsini of the star, and the 
discss found here is the disc density, which is a factor of 100 lower. The other fast rotating 
starss in this set do not show any emission, only broad photospheric absorption lines are 
present. . 
Interestingly,, we find evidence for low-density discs in the two rapidly rotating B0.5 V 
stars,, but not in the 4 rapidly rotating B2-B3 stars in our sample. Although the sample 
iss quite small, it is useful to compare this to the WCD model, which predicts that the 
frequencyy of discs peaks at spectral type B2. Such a distribution does not seem to be 
supportedd by our observations. However, a larger sample needs to be considered before 
firmm conclusions can be drawn. 
Thee Bra line is quite sensitive to the presence of low-density circumstellar gas. Zaal et al. 
(1995)) showed that for BO and B2 model stars with discs, Bra emission is detectable at 
densittiess as low as 10~13 gem-3. Such densities are predicted by the WCD model. How
ever,, we point out that the model calculations by Zaal et al. (1995) did not use the velocity 
andd density distribution of the WCD model, but used the parameterization introduced by 
Waterss (1986). Model calculations of the Bra line strength using the WCD density and 
velocityy distribution are needed to investigate the possibility to detect these discs in Bra. 
Wee expect that the calculations by Zaal et al. (1995) should be fairly representative for 
thee WCD Bra line strengths as well. 
Owockii et al. (1996) investigated the effects of non-radial line forces on the formation of 
aa wind-compressed disc around a rapidly rotating B-star. They concluded that non-radial 
linee forces can lead to an effective suppression of the equatorward flow needed to form 
aa WCD. Together with gravity-darkening effects this can even result in a wind geometry 
thatt is markedly different than envisioned in the WCD theory, i.e. disc formation can not 
bee explained by line-driven flow theory only. 
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Figuree 3.2. The Bra and Br7 spectra for the rapidly rotating B stars. 

Forr the fast rotating stars we do not find any single peaked emission in the center of the 
photosphericc absorption. This does not imply that these stars do not have non-LTE effects 
inn their outer atmospheres. In some slow rotators, weak, single peaked emission lines are 
detected.. In more rapid rotators we may not see such lines because these weak features 
aree smeared out over a larger frequency range and result only in an overall smaller equiv
alentt width of the expected photospheric absorption line. Non-LTE model calculations 
aree needed to investigate such subtle effects. 
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Figuree 3.3. The Bra and Br, spectra for the rapidly rotating B stars (continued). 

HD180968(2HD180968(2 Vul, B0.5IV, vsini 332 kms"1, Fig. 3.2): The Bra line shows weak, double-
peakedd emission. It has a Ipeak/Icont ratio of 1.1, which is a 5-<r detection. The Br7 spec
trumm shows a broad absorption profile. Ha line observation (WHT 1995, to be published) 
off this star show a triangular line shaped absorption profile. 
Thee Bra line profile shape might indicate that some circumstellar emission is present in 
thiss line. The line strength of the weak double-peaked emission agrees with a disc den
sity,, po of about 8-10"14 gem"3, i.e. a factor 100 lower than found for normal Be stars, 
expectedd from the WCD of Bjorkman & Cassinelli (1993). However, the disc model (de
scribedd by Zaal et al., 1995) used to derive this disc density has a different density and 
velocityy distribution compared to the WCD model. This might effect the line strengths 
andd shape of the emission calculated. It remains unexplained why the (peak) velocities 
foundd for the double peaked emission in Bra do not agree with vsini of the star. 

HD203938HD203938 (B0.5IV, vsini 220 kms"1, Fig. 3.2): The Bra spectrum shows a weak double-
peakedd emission on top of a weak broad symmetric absorption. The Br7 spectrum shows 
ann irregular absorption feature. Assuming the presence of a photospheric absorption, we 
suspectt that emission is also present in Br-/ at about the same velocities (at about  130 
kms -1)) as found for the emission in Bra. Also there is evidence of emission near -400 
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kins - 1 . . 
Thoughh this star is a member of multiple system (McAlister, 1989), there is no evidence 
itt is a binary. Sneden et al (1978) found no IR excess flux compared to that expected for 
aa normal B0.5IV star with the given V magnitude. Ha data (WHT 1994, to be published) 
showw a symmetric absorption feature, which looks normal for its spectral type. Like in 
casee of 2 Vul the double-peaked emission can be explained by the presence of a low-
densityy disc. The line strength of the double-peaked emission agrees with a disc density 
off about 1-10~13 gem - 3 . However, the disc model (described by Zaal et al., 1995) used to 
derivee this disc density has a different density and velocity distribution compared to the 
WCDD model. This might effect the line strengths and shape of the emission calculated. It 
remainss unexplained why the (peak) velocities found for the double peaked emission in 
Braa do not agree with usim of the star. 

HD148605HD148605 (22 Sco, B2V, usiru 232 kms"1, Fig. 3.2): The Bra spectrum of this star 
showss a broad absorption feature, which agrees with other spectra seen for other stars 
withh about the same spectral type and vsmi (like ( Lib and 2 Sco). This star is a MK 
standardd star, for which the HI lines are photospheric. The Ha line profile (JKT 1993, to 
bee published) shows a symmetric absorption feature. 

HD138485HD138485 (C4 Lib, B2Vn, vsm 256 kms"1, Fig. 3.2): The Bra spectrum with its low 
S/NN ratio, does not rule out weak emission feature. The Br7 line shows an broad sym
metricc absorption. The observed Ha spectrum {Jacobus Kapteyn Telescope (JKT) 1993, 
too be published) shows a symmetric absorption feature. 
C44 Lib shows radial velocity variations and is classified as a single-lined spectroscopic 
binaryy star which period is believed to be < 6.5 days (Hoof et al., 1963; Levato et al., 
1987).. It is unresolved by speckle interferometry (McAlister et al., 1987). Neither of the 
spectraa show visible emission features and so the the lines are believed to be photospheric. 

HD142114HD142114 (2 Sco, B2.5Vn, t>sim 308 kms"1, Fig. 3.3): Like ( Lib, this is a rapidly ro
tatingg star which shows a flat Bra profile. The Br7 spectrum shows a broad symmetric 
absorption. . 

HD195965HD195965 (BOV, vsmi > 200 kms~\ Fig. 3.3): A featureless Br7 spectrum was found 
forr this star. Although its spectral type is close to the range of types where one expects 
non-LTEE features, no emission is found. The non-existence of any emission features 
mightt indicate that its vsim, which is unknown, is high. The photospheric lines present in 
thee high-resolution IUE spectrum of HD195965 indicate the vsini to be larger than 200 
kms - 11 (microfiche atlas, Bohlinet al., 1994). 
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3.3.33 The (5 Cephei stars 

Twoo of the observed stars, 6 Oph and i Her, belong to a sub-class of /3 Cephei stars:, the 53 
Perseii stars (Mathias & Waelkens, 1995). They show periodic or quasi-periodic changes 
(onn time scales between 5h and little more than a day) in their optical line profiles (Smith, 
1977).. In addition to the periods, the amplitudes also change on timescales of about a 
month.. These stars are believed to show p-modes as well as g-modes, which means they 
aree situated in an instability zone between f3 Cephei stars and the slowly pulsating B stars 
(Waelkens,, 1991). The long term variability might be correlated with the g-modes of 
thee star. For t Her for, example, Mathias & Waelkens (1995) think the variations in the 
Dopplerr heliocentric radial velocity (RV) are due to pure atmospheric motions, i.e. they 
rulee out the binary hypothesis. The expected companion has never been observed. Also 
thesee stars show an X-ray excess (Grillo et al., 1992), whose origin is not yet clear; it 
mightt be due to the shock heated atmosphere or due to the possibility of being in a binary 
system,, although there is no evidence that it is a member of a binary system. 
Forr both of these stars (Fig. 3.4) we find: (1) Bra emission in the center of an underlying 
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Figuree 3.4. i Her and 8 Oph, Bra 

broadd photospheric absorption; (2) emission in the Hel line at 4.049 (jni. The Hel emis
sionn in the spectrum of 6 Oph is weaker than in t Her and due to poorer S/N ratio less 
obvious.. In the spectrum of t Her the emission has zero velocity in the local standard of 
rest(RVllkms-1 ,BSC). . 
Wee used a non-LTE model atmosphere code (Tlusty, Hubeny & Lanz, 1995) to calcu
latee the Bra spectrum of L Her. These calculations indicate that the Bra emission can 
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bee explained by departures from LTE in the regions where the line center is formed (as 
describedd in Section 3.3.1). The model did not include enough Hel levels yet to calculate 
thee Hel 4.049 fxm line. However, the shape of the Hel 4.049 /xm line looks similar to that 
off the emission seen in Bra. This suggests that also the Hel 4.049 /itn line emission orig
inatee as a result of the non-LTE mechanism as is the case for HI. The main constraint for 
suchh an emission mechanism is the necessity that He is dominantly He+ and suggests that 
thee degree of ionization in the line forming layers is significantly higher than deeper in the 
atmospheree for these B2-B3 stars. This may be due to the rapid decrease in density in the 
outerr layers. Detailed non-LTE model atmosphere calculations are needed to determine 
whetherr an additional source of heating is required to explain the strength of the Hel line 
withh respect to the HI Bra emission line. We point out that the observed pulsations and 
X-rayy emission suggest that mechanical heating of the outer atmosphere of these stars is 
occurring. . 
Thee extreme line ratio, Hel/Bra % 1, found for t Her excludes that the line emission is 
formedd due to recombination. The planetary nebula NGC6572, whose central star has a 
Tefff w 50000 K (Hyung et al., 1994), shows a line ratio, Hel/Bra of about 0.05. This is 
closee to the maximum theoretical value ( « 0.04) in case of recombination, considering 
thee fact that 40 percent of the intensity of Hel 5-4 transitions is in the Hel 4.049 /im line 
andd assuming the He over H abundance ratio by number is 0.1 and both, H and He are 
ionized. . 

3.3.44 Others 

Thiss group of stars forms a loose subset. All are classified as binaries. 14 Cep (HD209481) 
iss known to be double-lined spectroscopic binary (Morris, 1985). Its Ha spectrum shows 
aa double absorption line (JKT 1993 and WHT 1994, to be published). For two other two 
cases,, T) UMa and HD155889, the binary nature is rather unclear. However both these 
twoo stars show or have shown remarkable Ha line profiles. The photospheric absorp
tionn profile of HÖ becomes filled in by a rather flat emission component. For ry UMa 
Boppp et al. (1989) found such an emission component increasing in strength during the 
periodd 1986/88. Several Ha observations in the period 1990/95 (Calar Alto and JKT 
observations,, to be published) show that emission component declined and eventually 
disappeared.. The Ha line profile of HD 155889 (JKT 1995, to be published) looks similar 
too the one of rj  UMa observed by Bopp et al. (1989) during its maximum and is believed 
too undergo a similar period and might indicate this star is variable. 
Iff the Bra emission in HD 155889 is linked to the phenomenon seen in Ha it is different in 
originn to the emission in 10 Lac, r Sco and 1 Cas. Because in such a case (non-LTE) the 
coree of the Ha line profile is believed to be formed in a region where the second quantum 
levell is overpopulated and thus would show a stronger central absorption than in case of 
LTEE (see Section 3.3.1). This in conflict with the observed Ha line profile. However, we 
havee to be cautious since the Bra and the Ha observations were not taken simultaneously 
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Figuree 3.5. The Br7 spectra of TJ Uma, HD155889 and 14 Cep, and the Br7 spectra of r) Uma 
andd 14 Cep. 

(thee Ha data were taken 4 months later). So non-LTE line formation as an explanation 
forr the Bra emission can not be ruled out completely. 
Boppp et al. (1989) proposed that r\ UMa is in the transition phase between a B and a 
Bee star. However we do not think this emission can be explained by the presence of a 
disc,, because in this case a double-peaked emission profile would be expected. Instead 
wee propose the emission seen for r\ UMa and also for HD155889 is due either to the bi
naryy nature (tidal interaction) of each system, or to a period of enhanced mass loss. The 
geometryy of the gas causing such an Ha line profile is however unknown. 
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HD120315HD120315 (17 UMa, B3V, usini 205 kms - 1 , Fig. 3.5): The observed Bra and B n spectra 
showw a smooth, symmetric absorption profile. In the Br7 spectrum some residuals, from 
thee strong telluric lines at about  390 kms - 1 are still visible. 
Cassinellii et a!. (1994) classify 77 UMa as a spectroscopic binary, but note the nature of 
thee companion is unknown. The IRAS flux (IRAS Point Source Catalogue, 1988) of 2.9 
Jyy at 12 /im shows that the star had no infrared excess in that period. The observed flux 
fitsfits well with the predicted 12 ̂ m magnitude, derived from its V magnitude and color, 
B-VV (Waters et al., 1987), assuming it is a normal B star. 
Thee IR spectra showed no anomalies from that expected for a normal, rapidly rotating B 
star;; the Bra and Br7 line profiles showed no evidence for circumstellar matter. 

HD155889HD155889 (09IV, usinz 40 kms -1 , Fig. 3.5): The Bra spectrum shows a single peaked 
emission.. No underlying photospheric absorption is visible, consistent with its early spec
trall type. HD155889 shows an Ha line profile (JKT 1995, to be published) similar in 
shapee as seen in rj  UMa in 1988 (Bopp et al., 1989). The Bra emission is believed to be 
relatedd to the emission seen in Ha and thus is believed not to be due the non-LTE effect 
describedd in Section 3.3.1. It is not clear at present what the origin of geometry of the 
circumstellarr material is in this star. 

HD209481HD209481 (14 Cep, 09V:), vsini 130: kms - 1 , Fig. 3.5): The Bra line shows an irregular 
emissionn feature which extends up to a velocity of about  250 kms - 1 . We are uncertain 
ass to the reality of the line structure seen in the Bra emission profile. The Br7 spectrum 
showss a rather flat continuum which contains irregular emission superposed on a broad 
absorption. . 
144 Cep is known to be a variable star showing ellipsoidal lightvariations, i.e. a non-
eclipsingg close binary whose components are distorted by their mutual gravitation (Mor
ris,, 1985). Its companion is classified as B2V (Merezhin, 1994). 
Thee emission seen in Bra and Br7 can not be explained in a straightforward way because 
off the binarity of the star. Either a binary interaction, a high mass loss rate, or a combina
tionn of the two might give rise to the Bra emission. The large line widths seen in the Bra 
spectrumm suggest that the emission may be formed in a region with high turbulent veloci
ties.. Bra shows emission while Ha does not. This is not expected if the Bra emission is 
duee to colliding winds. This can be explained by considering that the observations of Bra 
andd Ha (WHT 1994) are not simultaneously taken and that 14 Cep is highly variable. 

3.44 Conclusions 

Thee surprisingly large number of stars with Bra in emission while Ha was in absorption 
showss that the HI IR lines have the potential to reveal much information about the outer 
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partss of the stellar atmosphere. There are three reasons for this. 
Thee first and most important one is that the HI IR lines can go into emission as a result 
off non-LTE effects in the atmosphere of an O or early-B star (Murdoch et al., 1994). 
Forr the four slow-rotating early-type stars (earlier than Bl) investigated, three showed a 
singlee peaked emission feature, while Ha was in absorption (Section 3.1). For three stars 
TT Sco, 10 Lac, and 1 Cas, which show emission due to a non-LTE effect, the peak of the 
emissionn is shifted slightly to shorter wavelengths. This may imply that the line is formed 
inn a region where the stellar wind begins, so that emission, shifted to shorter wavelengths 
fromm these regions, is added to the photospheric non-LTE emission. 
Inn the spectra of two j3 Cephei stars, t Her and 9 Oph, Bra emission and Hel (4.049 (xm) 
linee emission is found. However the EW of these emission features is small (0.5 A) it 
iss prominent due to the fact that these stars have a very low usim, especially 6 Oph (v 
simm = 11 kms - 1). Non-LTE model calculations (Tlusty, Hubeny & Lanz, 1995) show 
thatt the emission in the line center of Bra is due to the departures from LTE in the line 
formingg regions as is the case for the HI IR lines of the late-O and early-B stars. No 
sizablee velocity shift is found for the Bra emission seen in t Her. The shape of the Hel 
4.0499 fim emission resembles the the shape of the emission seen in Bra and suggests that 
thee Hel emission is also a result of departures from non-LTE in the line forming regions. 
Thiss would imply that the degree of ionization in the line forming regions is much higher 
thann deeper in the atmosphere for these B2-B3 stars. It is not clear whether additional 
mechanicall heating of the outer layers of these pulsating B stars is required to explain the 
Hell line strength. 
Thee second reason is the high sensitivity of the HI IR lines to the presence of circumstellar 
material.. Although the HI IR lines are weaker than those in the optical (An)tn cc i/), the line 
too continuum ratio can be larger because of the steep, underlying photospheric continuum 
inn the infrared (oc i/2). This will continue up to the point where free-free and free-bound 
processess start to contribute significantly to the continuum; at lower frequencies the line 
too continuum ratio will stabilize (Zaal et al., 1995). Of the six rapidly rotating stars 
observed,, two possibly show weak, double-peaked emission (section 3.3.2). It is however 
remarkablee that the emission is present at lower velocities than expected based on the v 
simm of the star. 
Lastly,, a particular star with HI IR line emission might be a member of a binary system. A 
goodd example is the star 14 Cep, which shows strong Bra emission. However, it is unclear 
inn this case whether the emission is atmospheric or arises as a result of the presence of 
thee companion, because the complexity of the system makes it difficult to interpret the 
spectrall features. 
Forr the rapidly rotating stars we find two cases (2 Vul and HD203938) for which we find 
weakk double peaked Bra emission in the Bra spectra. These two stars probably have 
low-densityy discs which are apparent only in the infrared HI lines (Zaal et al., 1995). The 
emissionn seen in these spectra shows up at lower velocities than expected for their vsini. 
Itt is remarkable that within the set of 6 fast rotating stars the double peaked emission is 
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foundd for the stars with spectral type B0.5V-IV and no double peaked emission is found 
forr the stars with spectral type B2-3. This is in contrast with what Bjorkman & Cassinelli 
(1993)) expect for their WCD model; they find a maximum probability of disc formation 
aroundd spectral type B2. We plan to perform new disc model calculations which include 
thee density and velocity structure within the disc as given by Bjorkman & Cassinelli 
(1993).. This, together with the observed Bra spectra, will put constraints on the disc 
density. . 

Wee intend to use a non-LTE code (Hubeny & Lanz, 1995) to predict line profiles and to 
studyy wind properties by comparing the expected photospheric line profiles with observed 
spectra.. We plan to consider both HÖ and the HI IR lines. Also we will enlarge the 
numberr of levels taken into account for HI and Hel in the model calculations. We will 
includee more HI levels to study the dependency of the departures coefficients (and thus 
thee line emission line strengths) on the number of HI levels included and we will include 
moree Hel levels in order to study the Hel 4.049 y,m line strength behavior, especially 
forr the (3 Cephei stars. Detailed non-LTE model atmosphere calculations are needed to 
determinee whether an additional source of heating is required to explain the strength of 
thee Hel line with respect to the HI Bra emission line. These results will be published in a 
subsequentt paper. 
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Chapterr  4 

Onn the nature of the H I infrared 
emissionn lines of r Scorpii 
P.A.. Zaal, A. de Koter, L.B.F.M. Waters, J.M. Marlborough, T.R. Geballe, J.M. 01iveira,B.H. 
Foing g 

A&AA&A 349, 573 (1999) 

Wee present Ho, He I A 2.058 fim and 6 hydrogen Brackett and Pfund lines of 
rr  Sco (B0.2V) obtained using the ground-based INT and UKIRT instruments 
ass well as satellite data from ISO. The infrared lines all show core emission. 
Wee have investigated the formation of these lines using sophisticated non-
LTEE models. 
Thee observed emission in the most pronounced hydrogen lines, such as Bra 
andd Pfa, is stronger than predicted by our models. The velocities of peak 
emissionn are blue-shifted by 5-10 kms-1 with respect to the stellar veloc
ity.. This together with the surprisingly strong width of Bra and the peculiar 
profilee of He I A 2.058 suggests that shock-induced turbulent velocity fields 
mayy be present in or somewhat above the stellar photosphere, as has already 
beenn suggested from analysis of optical and ultraviolet data. We derive Teff 
== 2 kK from the infrared data alone, a value consistent with previous 
opticall analysis. The good agreement indicates that quantitative analysis of 
infraredd lines alone (e.g. for hot stars in regions of high extinction) can be 
usedd to characterize photospheres accurately. We also investigate the mass 
losss of r Sco and find an upper-limit of 6 10"9 M0yr~l. 
AA parameter study of the infrared hydrogen and helium lines indicates that 
emissionn may be expected in Bra and Pfa for stars with Teff £ 16 kK and 
willl dominate the profiles of these lines for Teff £ 31 and 26 kK, respectively. 
Hee I A 2.058 will be in emission for 20 <>  Teff £ 33 kK and He II line profiles 
willl contain emission at Teff £ 33 kK. The effect of surface gravity on these 
valuess is small. 
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4.11 Introductio n 

Quantitativee spectroscopy is a powerful method to obtain information on the physical con
ditionss that prevail in stellar atmospheres. Theoretical models for stellar atmospheres and 
theirr synthetic spectra are widely used to determine basic stellar parameters such as Teff, 
logg g, projected rotational velocity and chemical composition. The technique of quanti
tativee spectroscopy is of particular interest when applied to the infrared (IR) wavelength 
band.. As extinction properties of interstellar and/or circumstellar dust are not nearly as 
severee in the IR as compared to the visual, the IR allows for the study of hot stars located 
inn regions of high optical extinction. Examples are the star forming sites in the Galactic 
discc and the hot stars located in the galactic center. 
Inn particular, the IR part of the spectrum of hot stars contains a wide range of strong and 
weakk hydrogen and helium lines that are formed in the outer layers of the static atmo
sphere,, and in the lower parts of the stellar wind. The strength and shape of these lines 
aree very sensitive to the structure of the atmosphere, and hence provide strong constraints 
onn model atmospheres in a region that is difficult to probe with other techniques (Najarro 
ett al. 1998). 
Inn recent years, the IR part of the spectrum has become accessible to quantitative spec
troscopyy due to the development of large IR arrays, and the launch in 1995 of the Infrared 
Spacee Observatory (ISO). We have embarked on an observational study of the IR spectra 
off hot stars, in order to (i) observationally characterize hot stars in the IR, (ii) derive basic 
parameterss of hot stars, and (iii) derive information about the circumstellar material in hot 
starss (either in outflows or in discs). 
Thee MK standard star r Sco (HD149438, Sp. Type: BO.2 V) is one of the best studied 
hott stars and is very bright, allowing high quality observations, r Sco shows enhanced 
stellarr wind features for its spectraltype (Walborn et al. 1995). However, its derived mass 
masss loss rate of 1-3 10"8 M© yr_1 (Lamers & Rogerson 1978; Kudritzki et al. 1989) is 
nott expected to effect optical and IR lines (see Sect. 4.4.3). This allows us to investigate 
thee photospheric IR spectrum. The effective temperature and logg for T Sco are 31.4 
kKK and 4.244 respectively (Kilian 1992). Peters & Polidan (1985) and Lamers & Rogerson 
(1978)) derive comparable values. Waters et al. (1993) first reported the presence of strong 
Brett emission in r Sco, and attributed this emission to the presence of a low-density disc. 
However,, subsequent studies by Murdoch et al. (1994) showed that the emission in T SCO 
andd in the 09V star 10 Lac can also be understood in terms of non-LTE (LTE = Local 
Thermodynamicc Equilibrium) line formation in a plane-parallel atmosphere, without the 
needd for circumstellar gas. 
Inn this paper we present new ground-based and space-based optical and IR spectroscopy 

off T Sco that confirm the emission character of the cores of many IR hydrogen lines (as 
welll as He I A 2.058), pointing to significant non-LTE effects in the line-forming regions. 
Inn Sect. 2.3, we present new non-LTE model atmosphere calculations (H&He models) for 
hott stars. Section 4.4 contains a discussion of the physical mechanisms responsible for 
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Tablee 4.1. Basic parameters of the observed line profiles. Given are the spectral resolution, the 
linee over continuum ratio, Ii/Ic, at peak velocity vpeak. the equivalent width (EW), the full width 
att half maximum (FWHM) of the feature, the signal to noise ratio and the telescope used. A 
negativee (positive) EW means net emission (absorption). The error in vpeai( is « 1/10 the velocity 
characterisee for the spectral resolution. 

Line e Resolution n I//Icc E.W. Line flux 
(A)) (W/m2) 

"peak k 

(kms"1) ) 
FWHM M 
(kms"1) ) 

S/N N 

INT/MUSICOS S 
Ha a 36000 0 0.655 3.0 0 0 200 0 100 0 

UKIRT/CGS4 4 
Bra a 
Br7 7 
Pf/3 3 
Pf7 7 

Hee I A 2.058 

14000 0 
15000 0 
15000 0 
15750 0 
18700 0 

1.866 -10.3 -1.53e-15 
0.966 5.2 
1.077 -1 .0 
1.044 1.6 
1.122 -0 .4 

- 4 4 
- 1 4 4 
- 1 4 4 
- 1 1 1 

21 1 

71 1 
--
70 0 
--

40 0 

75 5 
220 0 
80 0 

110 0 
50 0 

ISO/SWSS AOT02 
Bra a 
Br/?? (a) 
Br/33 (e) 
Pfa a 

2017 7 
2070 0 

1457 7 

1.55 - 12 1.8e-15 
0.966 4.3 -5.7e-15 
1.055 -0.7 5.4e-16 
1.44 - 2 3 3e-16 

- 1 0 0 
10 0 
20 0 
0 0 

150 0 
200 0 

206 6 

100 0 
40 0 

20 0 

thee formation of emission line cores in the IR lines of plane-parallel hot-star atmospheres. 
Sectionn 4.5 discusses the mass loss of r Sco and the extent to which this is expected to 
affectt the IR lines. Here we also address the possibility the observed IR line emission is 
duee to the presence of a (low-density) disc. In Sect. 4.6 we present convenient diagnostic 
diagramss to compare the line strengths of the IR lines to observations, and we compare 
thee models on which these diagrams are based to the observed lines of r Sco Also a 
comparisonn is made between fully line blanketed and H&He models. Finally, Sect. 4.7 
summarizess the results of this paper. 

4.22 The observations 

Spectraa of r Sco were obtained in both the optical and IR spectral range. They cover 
mainlyy hydrogen and helium lines. The description of the observations and the data re
ductionn is divided into three parts: the optical INT Ha spectrum; the ground-based UKIRT 
spectra;; and the ISO spectra. All spectra discussed below are corrected for the motion of 
thee earth, the Sun and a stellar radial velocity of +2 kms -1 (Hoffleit & Jaschek 1982). 
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Figuree 4.1. Ha observed in 1996 May 2nd with INT during commissioning of the MUSICOS 
instrument. . 

4.2.11 The INT data 

Ann H Q spectrum was obtained in 1996 May 2nd with the Isaac Newton 2.5m Telescope 
(INT)) on La Palma during the commissioning run of the MUSICOS spectrograph. In 
totall the spectrograph has 50 orders covering the spectral range 4718 - 8139 A. To obtain 
thee H Q spectrum we extracted the order which covered the wavelength interval 6527 -
66266 A. The spectral resolving power, R = X/6X, for this spectral range is 3.0 104. The 
dataa were reduced with the MIDAS echelle reduction package, using standard reduction 
stepss for echelle spectra: order definition, order extraction and wavelength calibration 
(Th-Arr spectrum). The Ho line is normalized using a 2nd order polynomial fit through 
thee continuum. 

Thee normalized Ha spectrum is shown in Fig. 4.1 and derived spectral parameters are 
givenn in Table 1. The wings of the line show blends of He n 6 - 4 a t -132 kms"1 (relative 
too Ha) and C II at +695 and +917 kms -1. Comparing the absorption profiles of the blue 
andd red wing suggests that the He II line is dominated by emission. 
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Velocityy ( kms - 1 ) 

Figuree 4.2. UKIRT observations of hydrogen emission profiles in r Sco. 

4.2.22 The UKIRT data 

Unitedd Kingdom Infrared Telescope (UKIRT) spectra were obtained over two observing 
runss using the echelle of the facility grating spectrometer, CGS4. The first two spectral 
rangess shown in Fig. 4.2, centered on Bra (4.052 ^m) and Br7 (2.17 fim), are observed 
onn July 4th 1994 and are reduced as described by Zaal et al. (1997). The spectral coverage 
iss about 1500 kms"1 for each spectrum. The last two spectral ranges, covering Pf7 (3.740 
^m)) and Pf/3 (4.653 ^m), were taken on July 26th 1995. With the 256 x 256 InSb array 
installedd previously in that year, the spectral coverage is much larger: about 4000 kms"1 

forr each spectrum. Similar specifications apply for the He I 2p1S-2s1P° (2.058 ^m) line 
shownn in Fig. 4.3. In order to subtract the telluric lines we used R CrB (HD141527, 
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Sptt GOIep) as ratio star for the Pf7 and Pf/? spectrum. For the He I spectrum we used 
HR63666 (HD154783, Spt A/Fm). The Pf7 and Pf/J spectra suffer from fringing. These 
weree removed with the defringe tool "FRINGEAAR" as developed for the data reduction 
off the SWS-ISO data and which is part of the Interactive Analysis package. The derived 
spectrall parameters are given in Table 1. 
Forr all spectra shown in Fig. 4.2 we find the (local) emission feature to peak at a negative 
velocityy (see Table 1). Moreover, all lines are slightly asymmetric in that they show 
enhancedd emission at the violet side of the profile. As pointed out by Zaal et al. (1997) 
thiss indicates that at the depths where the (non-LTE) line centers are formed there is an 
overalll outward (line of sight) velocity. In the case of Bra we add that He I A 4.049 (at 
—2344 kms - 1 from Bra) is suspected to be in emission. In the case of Pf/? we note that the 
absorptionn at +420 kms - 1 is a residual from a strong telluric line. 
Thee He I A 2.058 line is situated in a difficult atmospheric window, as a series of strong 
telluricc lines is present. The raw spectra are shown in the lower panel of Fig. 4.3. A 
slightt shifting of the position of the ratio star in the slit in the dispersion direction has a 
largee impact on the shape of the intrinsic line profile. The equivalent width of the line, 
however,, is conserved. The shape difference is illustrated in the top two tracings shown 
inn Fig. 4.3. For a 0.2 pixel shift (1.1 kms -1) the overall residuals of the telluric lines 
aree minimal. Independent on the shift of the ratio star we find that line emission is only 
presentt at positive velocities. We detected also weak He I emission at +287 kms -1 relative 
too He I A 2.058. Comparison between model calculations and the observed He I spectrum 
showss that the red-shifted emission in He I is real, i.e. the weaker He I line velocity is 
zeroo relative to the local standard of rest velocity of r Sco (see Fig. 4.13). In this paper 
wee will only use the He I spectrum as derived with shifting the ratio star. 

4.2.33 The ISO data 

Wee observed r Sco with the Short Wavelength Spectrograph (SWS) on board of the In
fraredd Space Observatory (de Graauw et al. 1996; Kessler et al. 1996). The SWS was 
usedd in the SWS02 mode. The aperture size is 14"x 20" for the spectral range covered 
byy our observations. The spectral resolution, which is wavelength dependent and ranges 
fromm X/SX ss 1400 to 2100, is given in Table 1. The spectra as shown in Fig. 4.4 were 
reducedd using the SWS Interactive Analysis (IA) programs within Interactive Data Lan
guagee (IDL). 
Thee applied data reduction is quite different from the standard pipeline in that we make 
usee of the algorithms developed by Valentijn & Thi (1999). These algorithms are specifi
callyy developed in order to detect weak lines. The algorithms address the problem that the 
darkk current often shows drifts on various time scales as well as sudden jumps in the mean 
level.. Due to cosmic ray hits both the dark current and the science data show glitches. 
Suchh glitches can be detected as sudden jumps in a series of ramp slopes (the so called 
"maxi-glitches")) or as a small jump within a particular ramp ("mini-glitches"). These can 
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Figuree 4.3. The He I 2.058 /zm spectrum as observed with UKIRT. The top spectrum as reduced 
withh a slight shift of 0.2 pixel (1.1 kms-1) for the ratio star, HR6366. The bottom spectrum as 
reducedd without shifting the ratio star. Also the"raw" spectra of r Sco and HR6366 are given to 
illustratee the strong telluric lines present. 

bee identified using the standard deviation of ramp fits. The data processing of Valentijn 
&& Thi (1999) also makes use of self-calibration, i.e. to define the pulse shape from the 
sciencee data, which results in a better linearization of the ramp. Globally the algorithm 
firstfirst filters out the glitches and uses the darks which are not affected by glitches to do the 
darkk current subtraction employing a polynomial fit. 

Wee observed r Sco three times for optimizing the signal to noise ratio (S/N) of various 
lines.. From this data set the spectra with the best S/N were selected. Bra was taken on 
Februaryy 17th 1996, Br/5 on September 17th 1996 and Pfa on March 8th 1998. Due to the 
poorr signal to noise of the Pf/3 line spectrum we will not include this line in our analysis. 
Insteadd we use the Pf/3 spectrum obtained with UKIRT. The reduced ISO spectra are 
shownn in Fig. 4.4. The spectral parameters are given in Table 1. The Br/3 profile shows 
aa weak emission feature on top of broad absorption wings. The Bra emission, which 
iss just resolved, looks similar to the Bra spectrum as observed with UKIRT. It shows 
ann asymmetric emission peaking at ~ —10  10 kms""1 and the blue emission wing is 
strongerr and extends up to larger velocities than that of the red wing. The measured 
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Figuree 4.4. ISO observations of IR hydrogen profiles in r Sco. 

equivalentt width of Bra differs significantly (~ 14%) from that of the UKIRT data (see 
Tablee 1). We can not conclusively say that this variability is due to calibration problems; 
itt is likely intrinsic. For Pfa, the spectral resolution is much lower than at Bra (see Table 
1)) and no asymmetry can be detected. As the Pfa spectrum suffers from fringes the actual 
S/NN is lower than the error in Fig. 4.4 (i.e. noise per bin) indicates. The fringes, clearly 
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visiblee at ~ -1000 kms-1 relative to Pfa, could not be devided out as the S/N in the 
fourierr domain was too low to detect the fringe period. The HI 8-6 line at +1715 kms-1 

relativee to Pfa is in emission. We did, however, not use this H I 8-6 in our analysis 
ass the edges of the observed ISO spectra are poorly covered and thus have too low S/N. 
Furthermoree many He I lines are situated around Pfa. The strongest are at -1115, -895 
andd -168 kms-1 relative to Pfa. Also He II 12-10 is seen at -135 kms-1. None of 
thesee helium lines are detected, implying they are at least weaker than 15 percent of the 
continuumm although the latter two lines might be stronger as they blend with Pfa. 

4.33 The model calculations 

Too model the IR lines of r Sco, we use the non-LTE atmosphere code TLUSTY (Hubeny 
1988;; Hubeny & Lanz 1995) version 195. The statistical equilibrium equations for hy
drogenn and helium are solved subject to the constraints of radiative and hydrostatic equi
librium.. The atmosphere is assumed to be plane-parallel. We first constructed a grid of 
H&Hee model atmospheres covering a broad range in TeR and log g. In order to account 
forr all relevant recombination and cascading channels, we made use of quite extended 
atomicc models. Details of the levels included and the treatment of the transitions between 
themm are given below. In the calculated grid of models the effect of line blanketing, i.e. 
thee consistent treatment of thousands of spectral lines of ions of species other than H&He 
iss neglected. Blanketing effects, however, may be of importance (Lanz et al. 1997) and 
wee will return to this point in Sect. 4.4 and 4.5. Line profiles were calculated using the 
spectrall synthesis code SYNSPEC. The H I and He II line profiles are computed as de
scribedd by Hubeny et al. (1994). For the He I line profiles we use a "classical" profile 
implyingg the Stark broadening is approximated by a Voigt profile, with V = 108 ne n f̂f, 
wheree ne is the electron density and neff is the effective quantum number defined in the 
usuall way. 
Too get an overview of how IR H I and He I lines depend on effective temperature and 
logg,, and to see in which way non-LTE effects influence the line shapes, we have first 
sett up a grid of models ranging from 16 to 40 kK in Teff with a stepsize of 2 kK and in 
loggg using values from 3.7 to 4.3 with a stepsize of 0.15. All other parameters are kept 
fixed.. The results of this first step will be discussed in Sect. 4.5. Here, we will summarize 
modell ingredients especially important for IR lines. 

4.3.11 Atomic physics 

Thee hydrogen model atom consists of 15 explicit levels, while higher levels, up to n = 80, 
aree merged into an averaged non-LTE level accounting for level dissolution as described 
byy Hubeny et al. (1994). The highest members (n > 15) of the Lyman and Balmer 
linee series are then represented by their respective transitions to this merged level and are 
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representedd by means of opacity distribution functions. 
Thee He II model atom treats the first 14 levels explicitly. He I is represented by a 69 
levell atom, which treats all levels up to quantum level n = 7 and angular momentum 
LL < 3 separately. The levels with L > 3 are grouped into a superlevel for each main 
quantumm number up to n = 7. From levels n > 8 and n < 20 the singlet and triplet 
levelss for a given quantum level are grouped into single superlevels. Allowed bound-
boundd transitions of He I (having an Einstein Aul coefficient > 104) are treated in full 
non-LTEE while forbidden transitions are assumed to be in radiative balance. In this way 
thee most important line transitions of He I are treated consistently and cover all transitions 
off concern for the analysis presented in this paper. Atomic transition probabilities for the 
bound-freee and bound-bound transitions of He I are from the Opacity Project TOPBASE 
databasee (Cunto & Mendoza 1992) for all levels up to quantum level n = 4. For levels 
nn > 4 we use a hydrogenic approach for the bound-free transitions and the atomic data of 
Martinn (1987) for the bound-bound transitions, kindly supplied by Paco Najarro (private 
communication). . 
Too check the sensitivity of the He I lines to the used atomic data, we performed a test 
usingg different sources of atomic data used for transitions between lower levels, n, < 3 
andd upper levels, nu > 4. In this test, we created a new He I atomic model using the 
Opacityy Project data up to n = 3 and Martin's data (1987) for n > 4 and compared this 
withh a run using our standard He I atomic data as described above. A model atmosphere 
withh Teflr = 32 kK and logg = 4.0 was used. No significant change was found in relatively 
strongg H I and He I profiles including He I A 2.058. Only for the weak He I A 4.049 ^m 
linee emission at -230 kms" l from the center of Bra (see Fig. 4.2) a decrease of about 30 
percentt in line strength was predicted in case Martin's data was used. One should beware 
off this problem as it may affect the overall synthetic line profile of Bra (4.052 //m) when 
convolvedd to the resolution of the ISO observations. 

4.3.22 The influence of turbulent velocity 

Inn the presented grid of H&He models, effects of small-scale motion fields - generally re
ferredd to as "micro-turbulent velocities" have not been taken into account. To investigate 
thee effect of micro-turbulence we performed test calculations treating it in a consistent 
manner.. This implies that turbulence was allowed to (a) modify the hydrostatic structure 
off the model - through an induced turbulent pressure gradient - (e.g. de Jager et al. 1991); 
(b)(b) affect the transfer of radiation - by desaturating the lines. This allows photons to es
capee from deeper layers, enhancing the non-LTE character (e.g. Sigut & Lester 1996); 
andd (c) influence the profile function in the formal solution to recover the line profile. 
Thee test calculations covered the effective temperature range from 28 to 34 kK and log g 
fromm 3.7 to 4.3. We assumed vturb = 10 kms -1 . For H IIR lines we found an overall en
hancementt of the line emission. Besides the increase of the line width due to mechanism 
(a),(a), also the line over continuum ratio increases due to mechanism (b). As a result the 
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equivalentt width of these lines decreased (i.e. more line emission) by some 20 percent for 
alll models. The vtuib effect on He I A 2.058 and Ha is more complex. We will return to 
thiss in Sect. 4.5.1. The neglect of turbulence may lead to an overestimate of the effective 
temperaturee by approximately 400 K (assuming 10 kms -1 is realistic). The effect on log g 
iss not significant. 

4.44 The formation of emission lines due to non-LTE ef-
fects s 

Inn this section we will discuss the formation of IR emission lines in terms of simple 
physics. . 

4.4.11 The principl e of non-LTE line emission 
Inn a plane-parallel atmosphere line emission may occur either through a temperature in
versionn or through a non-LTE effect in which the upper level of the transition gets over-
populatedd relative to the lower level. We will briefly discuss the principle of both effects. 
Thee important point we want to show is that it requires only a small deviation of the ratio 
betweenn the non-LTE departure coefficient of the upper and lower level from unity (i.e. 
LTE)) to cause a spectral line to go into emission. Anticipating the results of the model 
calculations,, we note that in r Sco the population inversion is the more important of the 
twoo effects. 
Thee line source function between upper level u and lower level / is given by: 

Ol,uOl,u00 — o 

kk (hv0\ 1 (4.1) ) 

wheree u0 is the line frequency; b„  - njn* denotes the departure of the level population 

nn from the LTE value n\ and Te is the electron temperature. The constants have their 
usuall meaning. We assume the continuum to originate from a layer with characteristic 
temperaturee T* and to emit a radiation field given by the Planck function. Normalizing 
thee line source function to this continuum background yields: 

Si,Si,VoVo _ exp(hv0/kTl) - 1 

BBVoVo ~ £exp(/u>o/A:Te)-l 
(4.2) ) 

Too first order Eq. (2) gives the peak strength of the emission line if the temperature Te is 

characteristicc for the layer in which the line becomes optically thick at its central wave
length. . 
Lett us first discuss the temperature inversion effect. To do so, we assume bu/b,~l. For a 
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Figuree 4.5. The left panel shows the dependence of the line over continuum source function ratio, 
Si„/BSi„/B vv,, as a function of bt/bu for Ha, He I A 2.058, Bra, and Pfa. Characteristic temperatures 
aree T* = 32.5 kK and Te = 0.8 T*. The right panel shows the dependence as a function of stellar 
effectivee temperature for Bra. Four values are indicated, Teff = 27.5, 30, 32.5 and 35 kK. 

spectrall line located in the IR we may apply the Rayleigh-Jeans approximation. This re
ducess the expression for the continuum normalized line source function to S/B = Te/T*, 
i.e.. the peak strength scales linearly with the ratio of the temperatures. This implies that in 
casee Te > T* in the line forming region one may expect an emission profile. Temperature 
inversionn occurs in our H&He model atmospheres. 
Wee now turn to the population inversion effect. In Fig. 4.5a we present for our simple 
modell the ratio S/B for different ratios bu/b, assuming Te/T* = 0.8. The different lines 
aree for Ha, He I A 2.058, Bra, and Pfa. Figure 4.5a clearly shows that for the IR lines only 
aa few percent difference in 6„ and bt yields significant peak emission. Line amplification 
iss small for the optical Ha line, essentially because the exponential temperature behaviour 
dominatess the line source function at short wavelengths. The photospheric temperature 
dependencee is illustrated in Fig. 4.5b. The strong dependency of emission strength on 
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bjbibjbi in the IR can be simply understood by introducing the following approximation: 

^^  = -^J (4.3) 

wheree 6 = hi/iJkTe and e = bt/bu - 1 (see also Sigut & Lester, 1996). Depending on the 

signn of c, non-LTE effects can either result in enhanced absorption (e > 0) or in enhanced 
emissionn (e < 0). The amplification factor of emission is determined by 1/5. In Sect. 
4.4.22 we will demonstrate that for (several) H I and He I lines of early B-type stars, the 
valuee of bt/bu can become smaller than unity, i.e. e < 0, in the region of line formation. 
Onee may expect significant emission when c < 0 and \t\/5 -> k/bu * T*/Te at the depth 
wheree the line is formed. We will refer to this effects as "6-amplification". The singularity 
visiblee in Fig. 4.5a in case of Pfa exists because of stimulated emission. Note that in a real 
stellarr atmosphere the emission will be "tempered" by continuum opacity contributions. 
Thee bu/bt sensitive population inversion effect is the dominant cause of IR line emission 
inn r Sco. Other effects that may produce line emission will be discussed in Sect. 4.5. 

4.4.22 The T(r) and bn(r) effect withi n TLUSTY 

Detailss about the formation of Ha, Pfa and He I A 2.058 in a TLUSTY model are given in 
Fig.. 4.6. The model parameters are Teff = 31.4 kK and log g = 4.24 and are characteristic 
forr r Sco (Kilian 1992). The top three panels give the dependence of temperature, density 
andd the ratio bt/bu of the three investigated lines on Rosseland optical depth. The middle 
sett of panels give the continuum (dashed line) and line (solid line) source function. The 
symbolss in the source function plot give the position at which the continuum and line 
reachh monochromatic optical depth 2/3. The bottom row of panels show the emerging 
linee profiles. 
Ourr grid of H&He models exhibits a temperature rise at the surface. This temperature rise 
iss a classical non-LTE effect first described by Auer & Mihalas (1969; see also Mihalas 
1978)) and is the result of an indirect effect of Balmer lines on the heating in the Balmer 
continuum.. Line blanketed models have the tendency not to show this behaviour because 
off more efficient cooling through spectral lines in the outer layers. The H&He temperature 
inversionn is of minor importance for weak lines, such as He I A 2.058, as for weak lines 
thee forming region is typically situated inside of the layer where the temperature is ~ 
100 % above the minimum. For the stronger line transitions, such as Ha, Bra and Pfa, 
whichh have a line forming region extending beyond the temperature inversion, the rise in 
temperaturee is expected to be of importance. For these strong lines the temperature in the 
linee forming region is typically more than 10 % above the minimum. We will return to 
thiss in Sect. 4.5. 
Inn the case of Ha, clearly the line to continuum source function ratio (at r = 2/3 in line 
andd continuum respectively) is less than unity and absorption line is the result (see Fig. 
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Figuree 4.6. An overview of the atmospheric structure and of the line and continuum source 
functionss for three lines: Ha, Pfa and He I A 2.058. The bottom three panels show respective 
predictedd line profiles. Information about different lines is indicated with different symbols. Data 
aree for a TLUSTY model atmosphere with Tefr = 31.4 kK and logg = 4.24. The top panels show 
thee run of temperature, density and 6//6„ with Rosseland optical depth. Marked are the positions 
wheree line core and continuum reach optical depth r = 2/3. The non-LTE line (solid line) and 
continuumm (dashed line) source functions given in the middle three panels are normalized to the 
continuumm source function value at continuum r = 2/3. 

4.6d).. Interestingly, Fig. 4.6a shows that the temperature in the continuum and line 
formingg layer is about equal. This implies that it must hold that in the line forming layer 
bb22/b/b33 > 1, which is confirmed in Fig. 4.6c. The main part of the central line depression 
cann be explained by the model ratio b2/b3 ~ 1.5. The continuum at Pfa is formed farthest 
outt of the three lines shown in Fig. 4.6. Actually, it originates at about the temperature 
minimumm at log rRoss ~ - 2 (Fig. 4.6a). The core of the line is formed around the 
temperaturee maximum. We find Te/T* ~ 1.22. This explains part of the predicted line 
emissionn in Pfa, reaching a peak strength of ~ 1.7 (Fig. 4.6h). The second effect of 
importancee is the amplification of the line over continuum source function ratio. This is 
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Figuree 4.7. The observed Si iv line profile of r Sco and the synthetic spectra as derived with the 
ISA-WINDD code for five different mass-loss rates, given in the legend in units of 1CT9 M0yr_1 . 
Increasingg M yields progressively more absorption at large blueshifts, which can be used to derive 
ann upper limit of the mass-loss rate of ~ 6 10~9 M0yr_1. 

nicelyy illustrated in Fig. 4.6e. At around the line core formation region one sees a steep 
increasee in this ratio, while Fig. 4.6c shows that the ratio b5/b6 deviates only slightly 
fromm unity. Also for He I A 2.058 the "6-amplification" effect is the dominant reason 
whyy the line is in emission. Unlike Pfa the temperature inversion effect does not help 
too boost the line (Fig. 4.6a). Both continuum and line core are formed in the regime of 
thee temperature minimum. Note that the amplification effect is again nicely demonstrated 
byy the behaviour of the line source function plotted in Fig. 4.6f. This function reaches a 
sharpp maximum at log TROSS ~ - 3 . The line core is formed on the slope of this maximum. 

4.55 Alternative effects that may produce IR emission lines 

Inn principle, IR emission lines may also be produced by material in a circumstellar disc 
orr in a stellar wind. In this section, we will discuss the validity of these scenarios. 
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4.5.11 Emission from a circumstellar  disc around r Sco 
Forr rapidly rotating B-type stars with vsini > 230 kms^1 Bjorkman & Cassinelli (1993) 
expectt disc formation. For such a disc stellar UV photons may ionize the gas and depend
ingg on the local temperature and density recombination may give rise to line emission in 
thee optical and IR. Indeed, about 10% of the 09/B2 stars are known to have Ho emission 
(Jaschekk & Jaschek 1983). If the viewing angle of the disc is close to edge-on, this gives 
risee to double-peaked line emission; if seen pole-on, relatively sharp emission lines are 
expectedd such as seen in r Sco. Zaal et al. (1995) pointed out that low-density discs can 
givee rise to H I IR emission without having significant emission in Ha. The density and 
temperaturee in these low-density discs are comparable to the temperature and density in 
thee formation region of the IR lines in our H&He models. This suggests that line forma
tionn in a low-density disc may also be affected by non-LTE effects. However, we do not 
expectt the IR line-emission in r Sco to be the result of a disc. Zaal et al. (1997) showed 
thatt 7 out of 8 slowly rotating stars in their sample (vsini < 50 kms -1), including T Sco, 
showw single peaked emission in Bra. Since it is not likely all these stars have a pole-on 
low-densityy disc, the most likely (and simple) interpretation for the IR line emission of H 
andd He is photospheric. 

4.5.22 The stellar  wind of r Sco 

Thee mass loss rate of r Sco has been derived by Lamers & Rogerson (1978) assuming 
thee rapid acceleration of the gas is due to radiation pressure in UV-resonance lines. They 
derivee a mass loss rate of 7 10"9 M® yr~' using ultraviolet lines such as C HI, C IV, 
NN in, N v, Si IV and O vi. We re-investigated the mass loss of r Sco three different 
ways:: (i) by modelling the M-sensitive Si IV resonance line using non-LTE unified model 
atmospheres;; and (ii)  by applying the analytical solutions of radiation driven wind theory. 

MM using Unified Model analysis 

Thee presented models are calculated using the most recent version of the non-LTE unified 
Improvedd Sobolev Approximation code ISA-WIND for stars with stellar winds (de Koter 
ett al. 1993; de Koter et al. 1997, 1998). Here, we will not discuss model assumptions, 
inputt atomic physics nor numerical methods, which are treated in detail in the above men
tionedd references. We suffice to say that detailed atomic models are included for H, He, 
C,, N, O, Si and S and that line blending by iron-group elements is included in the for
mall solution yielding the synthetic spectrum. The adopted effective temperature and log g 
valuesvalues are from Kilian (1992). The stellar radius is derived using the Hipparcos distance 
(ESAA 1997). Adopting a bolometric correction BC= -3.06 (Kurucz 1991), the derived 
bolometricc luminosity implies a radius Rt = 4.7 R&. The applied stellar parameters are 
ass given by Kilian (1992); the terminal flow velocity v  ̂ = 2000 kms - 1 is adopted from 
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Lamerss & Rogerson (1978) and corresponds to the maximum blueshift in the C IV res
onancee doublet. We assumed a /3-type velocity law with /9=0.5. This value implies a 
steeperr velocity law than that typical for OB-type stars where p ~ 0.8. However, this 
valuee reproduced the absorption part of the Si IV AA1393,1403 best. 
Notee that we did not attempt to do a complete non-LTE wind analysis. In contrast, we 
concentratedd solely on fitting the Si IV profile using an IUE spectrum as supplied by the 
INESS server of the IUE archive in Vilspa (Barylak & Ponz 1998). Si IV is a sensitive 
masss loss diagnostic and has the advantage over, e.g. the N v and C IV resonance lines, 
thatt its ionization is not expected to be influenced by shock induced soft X-ray emission 
(e.g.. Lucy & White 1980). Figure 4.7 compares the observed Si IV profile (thick line) of 
TT Sco with predicted line profiles (thin lines) assuming five different mass loss rates, M = 
4,6,8,100 and 15 10~9 Meyi~\ respectively. The lines may be distinguished easily as an 
increasingg M yields progressively more absorption at large blueshifts. Interestingly, wind 
absorptionn sets in first at the terminal velocity. One may easily understand this applying 
Sobolevv theory: the radial line optical depth at given wavelength in the observers frame 
iss proportional to m(dv/dr)-1. In the case of r Sco the small velocity gradient close to 
wheree the terminal speed is reached - compared to, say, the lower regions of the wind 
-- dominates over the decrease of the Si IV population. Consequently, one first reaches 
rr ~ 1 at large velocity. In this way we derive an upper limit to the mass loss of ~ 
66 10~9 M0yr_1. This number is very similar to the mass loss rate derived by Lamers 
&& Rogerson (1978). We note that the derived upper limit is a very sensitive function of 
effectivee temperature. Test calculations show that if Teff = 33 kK, then the ionisation of Si 
willl have changed so dramatically that M can only be constrained to be less than 10 10"9 

M0yr_1.. Similarly, if Teff = 30 kK, the mass loss should be less than 4 10"9 M0yr_1. 

MM using Radiation Driven Wind theory 

Wee used the analytical solution for radiation-driven winds of Kudritzki et al. (1989) to 
predictt the mass-loss rate of T Sco. In this formulation, the line force is expressed in 
termss of three distance-independent force multiplier parameters, k, a and S. Ideally, the 
valuess of the force multipliers should be obtained from detailed full multi -level non-LTE 
calculations.. Pauldrach et al. (1990) were the first to perform such calculations for a 
gridd of models representative for early-type stars. From their grid, we adopt k = 0.024, 
aa = 0.737 and a typical value S = 0.1 for force multiplier representing the ionization 
balancee throughout the wind. The predicted mass loss is 5.3 10-9 M©yr_1 for an adopted 
masss of 12 MQ. This result is close to the upper limit derived from the Si IV profile. 
Cohenn et al. (1997) use line-force parameters calculated by Abbott (1982) and derive M 
== 3.1 10"8 M0yr_1 for the mass loss of r Sco. The large discrepancy is mainly due to the 
significantlyy different luminosity adopted by these authors. 
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Figuree 4.8. Predicted Teff--logg contour plots for eight line profiles. The contours represent 
thee equivalent width (in A) of the line profiles between - /+ 300 kms"\ except for Ha where we 
usedd an interval between - /+ 1000 kms"1. Solid (dashed) lines indicate net absorption (emis
sion). . 

4.66 Results 

Thee outcome of the TLUSTY model calculations over a wide range in Teff and log g give a 
goodd indication of the regime in which to expect IR line emission in hot stars. To facilitate 
thiss overview we first present Teff - log g contour plots of the equivalent width (EW) of 
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selectedd synthetic line profiles. These EW's are compared with those observed in r Sco. 
Thee fundamental question we want to address is whether one may determine basic stellar 
parameterss using IR lines only. In a second step we take a closer look at the corresponding 
linee profiles over this range in Tefr and log g. Finally a comparison between the outcome 
off our H&He model and a fully line blanketed model for r Sco is made. 

4.6.11 The Equivalent Width dependence on Teff and log g 

Thee H&He models span the range Teff <E [16,40] kK and logg € [3.7,4.3]. r Sco, for 
whichh we adopt Teff =31.4  0.3 kK and logg = 4.24  0.03 (Kilian 1992), is situated 
welll within this range. We will use the model grid to address two questions. First, in 
whichh part of parameter space may one expect IR emission lines? Second, can these lines 
bee used to derive basic stellar parameters? The latter question is of particular interest for 
thee study of hot stars located in regions of high extinction, such as e.g. OB-stars embed
dedd in their natal clouds or located in the galactic center. 
Inn Fig. 4.8 we show the synthetic equivalent width contours of the eight lines observed 
forr r Sco. The EW's are measured between - /+ 300 kms-1 from line center, except for 
thee broad Ha profile for which we used an interval between - / + 1000 kms-1. To facili
tatee the comparison between observed and predicted EW's, we re-measured the observed 
valuess using the same wavelength intervals. In principle, these re-measured EW's may 
differr from those given in Table 1 if absorption is present beyond - /+ 300 kms-1. The 
adoptedd bounds guarantee that for all IR lines the central emission is included. This does 
nott holds for the wings of the lines. However, we did not want to extend the bounds fur
therr as a larger bound would lead to larger errors in the EW as a result of the uncertainty 
inn the continuum level. The hydrogen lines Pfa, Pf/? and Bra show net emission, starting 
att about 26, 30.5 and 30.8 kK respectively. At lower Teff the lines show net absorption, 
butt core emission is present. This is also the case for the weaker hydrogen lines like, Br/?, 
Br77 and Pf7- The EW of Ha, dominated by the absorption wings, gradually decreases 
(i.e.. less absorption) with increasing ionization, i.e. increasing effecive temperature. For 
Tefff Z 34 kK non-LTE effects starts to become important at large depths leading to an 
increasee of the width of the central absorption. This again results in an increase of the 
equivalentt width (i.e. more absorption). He I A 2.058 shows line emission from a Teff of 
166 to 33 kK due to the "6-amplification" effect. At Teff £ 16 kK LTE prevails and the line 
iss in absorption. At Teff ~ 33 kK, where helium starts to be double ionized, the line again 
turnss into absorption. For this last regime we find that bt/bu > 1, i.e. non-LTE enhances 
thee absorption. 
Fromm Fig. 4.8 we may conclude that emission profiles of photospheric origin for Pfa, 

Pf/33 and Bra may be observed from spectral type B2-3 extending to earlier types assuming 
thesee lines are fully resolved (say A/5A £ 5000). In all the lines the gravity dependence is 
veryy weak, except for Ha. This implies that the EW of the IR emission lines can be used 
onlyonly as a sensitive Teff diagnostic. For determining log g they lack this predictive power. 
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Figuree 4.9. Tefr-log g diagram in which for each line are plotted the contours where the pre
dictedd equivalent width matches the observed one. Predictions are based on H&He models. The 
t-symboll indicates the basic parameters of r Sco as determined by Kilian (1992), i.e.Tefr = 31.4 

 0.3 kK and log g = 4.24  0.03. For He l A 2.058 the EW matches two contours as the predicted 
EWW shows a maximum at ~ 25-30 kK (see Fig. 4.8). The observed EW of Ho, Bra, and Pfa fall 
outsidee the range of this plot (see text). 

Inn Sect. 4.6.2 we will show that the logg sensitivity can be improved by selecting a dif
ferentt bound for the EW measurement. For stars with spectral type earlier than 09 (Tefr 

k,k, 34 kK) the investigated IR spectral lines will start to be affected by stellar winds. This 
alsoo holds for the late O- and early B-type giants and supergiants (Najarro et al. 1998). 
Inn these cases one needs to include the stellar wind in the model calculations to predict 
realisticc line strengths. 
Thee contours in the Teff-log g diagram as given in Fig. 4.9 represent the photospheric 
parameterss as derived from H&He model calculations using the observed (re-measured) 
EW's.. By combining all the different contours we try to derive a Tefl- for T SCO. The EW's 
off Pf/?, Pf7, Br/3 and He I A 2.058 are all consistent with a temperature Teff = 32  2 kK. 
Thiss is in agreement with the 31.4  0.3 kK as derived by Kilian (1992). The observed 
EWW of Br7, which is dominated by relatively strong Stark broadened wings matches a 
lowerr Teff of about 28 kK. Interestingly, the observed EW values of Ha, Bra and Pfa 
aree considerably off compared to those derived with the H&He models. The mismatch in 
Haa may mainly be ascribed to the central absorption, which is not as strong as predicted 
byy the non-LTE calculations. Also the observed EW's of Bra and Pfa (see Table 1) are 
considerablyy smaller (i.e. stronger in emission) and are not within the plot range of Fig. 
4.9.. We investigate two possible causes for this discrepancy. First, we study the effects of 
smalll scale turbulent velocities. Second, we explore the differences between H&He and 
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moree sophisticated line-blanketed model atmospheres. 
Ass shown in Sect. 4.3.2 a higher u turb enhances the strength of the line. An increase in 
uturbb from 0 ->• 10 kms -1 results in an overall shift of -400 K in TeR and +0.04 in logg 
inn Fig. 9. Although such a uturb shifts the EW of the synthetic spectra slightly closer to 
observedd values, it is not enough to explain the apparent discrepancy between the two. 
AA second possible explanation for the discrepancy may be the neglect of effects of line 
blanketing.. The effect of including line blanketing on the photospheric structure is com
plexx as it may change the temperature structure as well as the excitation and ionization 
structure,, sometimes through subtle mechanisms (e.g. Schmutz 1997). Studying the dif
ferencee in temperature structure between H&He and line blanketed models may already 
givee insight in the effect of blanketing on line profiles. 
Inn general, line blanketing heats the inner photosphere and cools the outer layers, remov
ingg the temperature inversion present in H&He models. Line blanketed models show a 
higherr temperature at the point of formation of the local continuum and a steeper temper
aturee gradient over the line forming region compared to the structure in a H&He model. 
Consequently,, line profiles show an enhanced absorption in case LTE applies as is often 
thee case for the line wings. For instance, in the case of Br7, which shows strong absorp
tionn wings, blanketing strongly affects the derived EW. An overall comparison between 
thee non-blanketed and blanketed models (see Sect. 4.6.3) shows that line blanketing en
hancess "6-amplification". 

4.6.22 The dependence of the line profil e on Teff and log g 

Inn this section we will discuss line shapes. Unfortunately, a parameter study using blan
ketedd models only is - in view of computational costs - not yet feasible. We therefore 
showw trends of the profiles in Tefr and log g using H&He models. In Figs. 10 and 11 we 
showw the temperature behaviour for eight different line profiles. For each spectrum four 
differentt temperatures have been plotted, i.e. Teff = 28, 30, 32 and 34 kK respectively. 
Thee value for the gravity was kept fixed at log g = 4.3. 

Figuree 4.10 shows the relatively weak Br/?, Br7, Pf/? and Pfyprofiles. With increasing 
effectivee temperature the central line emission increases as non-LTE effects become more 
enhanced.. For the same reason the line wings decrease in (absorption) strength. Bra and 
Pfa,, presented in Fig. 4.11, are dominated by a central emission. Here also, the emission 
increasess with increasing Teff. Over the whole range in Teff the line center of Ha is 
stronglyy affected by non-LTE, resulting in an enhancement of the central absorption. At 
Tefff = 34 kK a slight inversion in the line core is visible. The absorption strength at line 
centerr decreases for increasing T<.ff, contributing to a decrease in EW. At Teff > 34 the 
EWW of Ha starts to increase as non-LTE effects become more import at larger depths, 
increasingg the width of the central absorption. He I A 2.058 shows a maximum strength 
att Teff = 30 kK. The line profile for Teff = 34 kK demonstrates the depth dependence of 
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Figur ee 4.10. Profiles of four IR lines (Br/3, Br7, Pf/3, Pf7) as predicted using H&He models for 
fourr values for Teff: 28 kK (solid), 30 kK (dotted), 32 kK (short dashed) and 34 kK (long dashed). 
Gravityy is kept fixed at log g = 4.3. 

k/bk/buu,, i.e. this ratio shows a minimum in the line forming region. 
Figuree 4.8 shows that the dependence on log g for the EW of H I IR lines is weak compared 
too the dependence on Teff. For an effective temperature, Tefr = 30 kK Fig. 4.12 shows the 
logg g dependence for four line profiles: Bra, He I A 2.058, Pf/3 and Pf7. Different than Fig. 
4.88 suggests, the H I IR line profiles do show a significant gravity dependence: both the 
coree emission and the wing absorption increase with decreasing log g. The He I A 2.058 
dependencee on log g is weak compared to the H I lines. 
Becausee we have chosen the velocity range over which to calculate the equivalent width 
ratherr broad ( - / + 300 kms -1), the line core and line wing effect tend to cancel out 
thee logg sensitivity in the EW determination. For decreasing logg the contribution of 
thee extra core emission is canceled by the slightiy stronger absorption in the line wings. 
Althoughh the EW sensitivity of the H I lines is dominanted by temperature, the log g 
sensitivityy can slightly be improved by decreasing the bounds to about - / + 60 kms"1 

(assumingg the central emission to be resolved). Furthermore, if one decrease the effective 
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Figuree 4.11. Effective temperature dependence of Ha, He I A 2.058, Bra, and Pfcv, predicted 
usingg H&He models (as in Fig. 4.10). For He I A 2.058 the corresponding Tefl- is given at the level 
off maximum line flux. 

temperature,, Tefr ^ 30 kK, the logg dependence for the H I IR lines tends to become 
weaker.. For Tefr ^ 30 kK the logg dependence slightly increases, most notably for Pf/3 
andd Pf7. 

4.6.33 Comparison of observed and predicted profiles 

Inn order to assess the importance of line blanketing, we compared a H&He model and a 
linee blanketed model using the literature values of Kilian (1992) for Tefr and logg (resp. 
31.44 kK and 4.24). The latter calculations include a consistent non-LTE treatment for the 
elementselements H, He, C, N, O, Si, S, Fe and Ni. For consistency with the relatively simple 
H&Hee models, identical hydrogen and helium atomic data was used. Figures 4.13 and 
4.144 show a comparion of the synthetic and observed spectrum. The first are convolvedd to 
thee spectral resolution given in Table 1. The line blanketed spectra show an overall better 
fitfit for the wings of Br/9, Pf7 and Br7. The predicted absorption strength for these lines 
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Figuree 4.14. Comparison of fully line blanketed (dashed line) and H&He model (solid line) with 
UKIRTT observations (as in Fig. 4.13). The line blanketed model gives an improved fit to Bra and 
Br-/,, but yields a poorer fit to Pf/9. 

Wee conclude that the incorporation of line-blanketing in our non-LTE models gives an 
overall improvement to the spectral fits. However, the fits of our final blanketed model are 
nott optimal and the peculiar behaviour of some of the IR lines in r Sco strongly point to 
thee presence of turbulent and/or stochastic velocity fields. An increasing micro turbulent 
velocity,, which is not included in our model calculations, has the effect of enhancing the 
coree emission and increasing the full width half maximum of the line emission (see Sect. 
4.3.2).. This is exactly what we need to overcome the mismatch between observations and 
modell spectra of our H I IR lines. 

4.77 Discussion & Conclusions 

Wee have investigated the formation of IR emission lines in hot stars using plane-parallel 
hydrostaticc model atmospheres. Such models are expected to be appropriate for early-
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typee stars not showing significant stellar winds, e.g. B-type main sequence stars. We 
havee taken two approaches. First, we have performed a parameter study using non-LTE 
modelss consisting of H&He only. Such models may be viewed as present-day "standard" 
non-LTEE models. Second, we have modeled the B0.2V star r Sco using state-of-the-art 
linee blanketed models. 
Thee grid of H&He models shows that IR emission lines are expected to be most pro
nouncedd for Bra and Pfa, which show net emission at Teff £ 30.8 and 26 kK respectively, 
independentt of log g (see Fig. 4.8). Core emission in these lines is already present at 
muchh lower temperatures (  16 kK). Also He I A 2.058 and Pf/ï show significant central 
emissionn in this Teff regime. The models show that two effects may cause this emission. 
First,, it may be due to the presence of a temperature inversion in the outer layers of the 
atmosphere.. Emission due to this effect is more prominent in strong lines such as Bra 
andd Pfa. These lines are of sufficient strength to have their cores formed in the region 
off increasing temperature. Second, it may be the result of a non-LTE effect referred to 
ass "6-amplification". The main constraint for this mechanism is that the line is formed in 
thee Rayleigh-Jeans part of the spectrum. For hydrogen this results in IR core emission for 
Tefff £ 16 kK. For He I it occurs for 20 £ Teff £ 33 kK and for He II at Teff £ 33 kK. 
Ann important goal of this paper has been to investigate to what extent basic stellar pa
rameterss may be derived from IR diagnostics only. Using equivalent widths of several IR 
lines,, we derive an effective temperature for r Sco of Teff = 32  2 kK, which is consis
tentt with the value of 31.4  0.3 kK derived from a detailed analysis by Kilian (1992) 
usingg optical lines. This is an important result in view of the study of hot stars in regions 
off high extinction. We intend to investigate the robustness of the method applied in this 
paperr to a larger sample of stars. The temperature sensitivity of the IR lines dominates 
overr a modest gravity dependence. A simultaneous determination of both Tefr and log g is 
thereforee difficult. Only if one adopts an effective temperature, the cores of the H I lines 
showw a reasonable gravity dependence which (in principle) may allow for a log g estimate. 
Too use the line wings to derive gravity, one requires high S/N observations together with 
linee blanketed models. 
Despitee its standard star status, r Sco seems far from normal. High turbulent velocities are 
foundd to have effects in the UV (Lamers & Rogerson 1978) and in the optical (Smith & 
Karpp 1978). The star is also a source of X-rays (Swank 1985; Cassinelli et al. 1994) with 
ann unusually hard X-ray spectrum, suggesting the presence of very hot gas (> 107 K) 
nearr the star. These observations imply the atmosphere of r Sco is complex. The IR 
spectrumm of r Sco and the 09V star 10 Lac, a star expected to be very similar, have been 
investigatedd by Murdoch et al. (1994). They find that 10 Lac gives much better line fits 
forr Bra and Br7 than does r Sco. This seems to corroborate the complex nature of the 
atmospheree of r Sco and warrants further study. 
Thee H&He models with parameters appropriate for r Sco clearly show emission profiles 
forr those lines observed to be in emission. This demonstrates that non-LTE effects play an 
importantt role in the line formation of IR lines. However, they do not properly reproduce 
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thee line strength of the strongest lines (Bra, Pfa), nor do they match the observed widths 
off these lines. 
Wee investigated to what extent the profile discrepancies might be connected with the 
neglectt of line blanketing or of turbulent velocity fields. Overall the lines fit the line-
blanketedd model better, but still the model does not properly fit all diagnostic profiles. 
Forr instance, the emission in the wings of the resolved Bra line reaches velocities up to 

 150 kms - 1 . This is significantly broader than expected and suggests the presence of a 
strongg field of turbulent or stochastic motions, corroborating the results from optical and 
UVV studies. Evidence of bulk motions is also seen. For instance, most H I lines show 
negativee peak velocities of the core emission as well as evidence of enhanced blue-shifted 
emission.. The He I A 2.058 profile is clearly assymmetric. None of these properties are 
matchedd by our models. 
Interestingly,, the small scale turbulent motions of the order of 100-200 kms -1 seen in the 
linee formation regions of Bra and likely Pfa can not be present in the formation region 
off the UV metal-line spectrum. The photospheric turbulent velocity used in the synthetic 
spectrumm presented in Fig. 4.7 is 20 kms -1, a value which reproduces the metal-line spec
trumm around the Si IV resonance line fairly well. A turbulent velocity value of 50 kms -1 , 
however,, already it too high producing metal-line widths which are too broad. The unified 
ISA-WINDD model shows that the geometrical difference between the UV and IR formation 
regimess is about six characteristic density scaleheights of ~ 4 10"4 R+. The continuum 
att Bra and Pfa forms just below the sonic point. This implies that the central part of 
thee lines are formed around the sonic point. Apparently, this is where the turbulence first 
occurs.. Such a turbulent velocity profile seems roughly consistent with the shock struc
turee expected from the line-force instability existing in supersonic line-driven outflows 
(e.g.. Owocki 1992, 1994). Detailed numerical simulations of this instability reveal a 
highlyy structured wind with many shocks occuring only beyond the sonic point (Feld-
meierr 1995). This study of r Sco shows that IR lines may provide important diagnostics 
forr studying these problems. 
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Chapterr  5 

Infrare dd Spectral classification of OB 
starss with ISO-SWS. 
P.A.. Zaal, A. de Koter, L.B.F.M. Waters 

A&AA&A (submitted in November 1999) 

Wee present observations of the Bra, Br/? and Pfa lines of 16 dwarf and 
(sub)giantt stars in the spectral range 09-B3. The observations were done 
usingg the Short Wavelength Spectrometer on board the Infrared Space Obser
vatory,, and have a signal-to-noise of ~ 20 to > 150 and a resolution varying 
fromm ~ 1500 to 2000. We compare the equivalent widths of these lines with 
predictionss using non-LTE model atmospheres to investigate to what extent 
thesee infrared lines can be used to derive effective temperatures. We find that 
Pfaa is a sensitive Tefi diagnostic for the range of spectral types investigated, 
andd Bra for types 09-B2, yielding agreement with optical results to within 
11 —4 kK or one-three spectral sub-types. 
Wee find evidence for a gradient in the turbulent velocity, increasing from £ 5 
kms"11 for the atmospheric region in which Bra is formed to ~ 15 kms-1 for 
thee regime where Pfa originates. When this velocity turbulence taken into 
account,, the accuracy of the spectral type calibration is improved to ~ 1 kK 
orr one spectral sub-type. 
Thee gravity dependence of the overall strengths of the investigated infrared 
liness is relatively weak, and could not be used to constrain luminosity class. 
Thiss failure is in part a result of the modest S/N and resolution and in part a 
resultt of a cancelation of gravity effects in the line core and line wing. Our 
linee predictions show that He I A 2.058 is relatively unsuited for spectral clas
sificationn of 09-B3 stars. Hua (HI 7-6), however, is expected to be an even 
betterr diagnostic as are Pfa and Bra. This line may be observed with the 
VLTT Imager and Spectrometer for mid InfraRed when it is installed on the 
Veryy Large Telescope. 
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5.11 Introductio n 

Inn the study of early-type stars, the infrared (IR) spectral range is of special importance 
ass it allows one to observe stars in regions of high optical and ultraviolet extinction. This 
allowss one to probe, for instance, ultra compact HII as well as larger star forming regions 
shroudedd in dust. The relative ease with which infrared light passes through dusty regions 
makess this spectral regime a pivotal diagnostic when investigating the formation of mas
sivee stars. Clearly, an important step in this field of research is to establish which stellar 
propertiess may be derived from spectral analysis of IR lines and to provide a spectral class 
calibrationn based on IR diagnostics only. In this paper we address aspects of this spectral 
classs calibration focussing on stars of spectral type 09 through B3 and luminosity class 
VV through III. 

Thee wide range in spectral characteristics of dwarf and (sub)giants within the spectral 
rangee 09-B3 reflects that the physics governing the atmospheres of these stars is com
plex.. Essentially the reason is that several physical mechanisms compete in importance. 
Thesee include the presence of a radiation driven wind, rotation, radial and/or non-radial 
pulsationss and magnetic fields. If a coarse dichotomy is to be made, one may say that 
towardss type 09 III, stellar winds increase in importance; while towards type B3 V-III 
effectss of rotation and pulsations tend to become more conspicuous. 
Inn addition to the above mentioned broad perspective, the infrared offers an unique op
portunityy to study an important part of the atmosphere of these early-type stars, namely 
thatt of the outer photosphere. It is due to an increasing importance of free-free processes 
towardss the IR that in this outer photosphere the prominent infrared lines are formed. In 
thiss paper, we will study the behaviour of a number of these IR lines observed in 16 stars 
usingg the Short Wavelength Spectrometer (SWS, de Graauw et al. 1996) on board the 
Infraredd Space Observatory (ISO, Kessler et al. 1996). The SWS covers the wavelength 
rangee from 2.4 to 45 ^m. The principal goal is to investigate to what extent the Bra A 4.05 
(wavelengthh given in micron), Br/? A 2.63, Pfo A 7.46 and Pf/? A 4.65 lines may be used 
forr spectral type calibration. This requires one to establish which processes are relevant 
and,, therefore, which physics needs to be included in the model calculations providing 
thiss calibration. 

Inn the 09 through BO.5 stars, Bra and Pfa are typically observed to be in emission. A grid 
off non-LTE plane-parallel hydrostatic models calculated in the spectral analysis study of 
thee BO V star r Sco (Zaal et al. 1999), shows that such profiles are expected and result 
fromm non-LTE effects in the line forming region. In B-type stars, already small depar
turess from LTE are amplified by stimulated emission (Sigut and Lester 1996) facilitating 
infraredd lines to go into emission (Zaal et al. 1999). Murdoch et al. (1994) also sought 
too explain the Bra and Br7 line emission in 10 Lac (09 V) and r Sco by means of this 
non-LTEE effect. 

Inn this study we will compare the grid of models from Zaal et al. (1999) with the ISO 
spectraa of our programme stars, in this way deriving effective temperatures based on in-
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fraredd diagnostics alone. Although the models in this grid are relatively standard, i.e. they 
accountt for hydrogen and helium only and assume plane-parallel layers and hydrostatic 
equilibrium,, they already show very promising results in reproducing the line strengths 
off Bra, Br/3 and Pfa. We further investigate these results by addressing the presence of 
turbulentt velocity fields; the possible effect of the onset of a stellar wind and the effects 
off metal line blanketing on the structure of the atmosphere. 
Thee paper is organized in the following way: the observations are described in Sect. 5.2. 
Inn Section 5.3 we compare observed and predicted line strengths using standard non-LTE 
modell atmospheres. The influence of turbulence, a stellar wind and line blanketing is 
investigatedd in Sect. 5.4. In Sect. 5.5 we compare the diagnostic value of Bra and Pfa 
liness with other infrared diagnostics, especially with classifications using H- or K-bank 
spectroscopy.. Finally, Sect. 5.6 gives a summary of the main results. 

Tablee 5.1. The programme stars. Given are the name, HR number, HD number, spectral type, 
vsinivsini and visual magnitude. The spectral types are from Walborn (1972, 1973) in case of the O-
typee stars. The spectral types of the B stars, vsini and mv are taken from the Bright Star Catalogue 
andd its supplement (Hoffleit 1982, 1983). An asterisk in the first column indicates the star shows 
orr has shown pulsations. S Sco has been identified as a Be star by Coté et al. (1993). Therefore, 
thee assigned spectral type for this star differs from that in the Bright Star Catalogue. 

name e 

5Cir 5Cir 
100 Lac* 

TT SCO 

0Car r 
55 Sco* 
f3Cru' f3Cru' 
aa Cru 
aa Vir* 

/3Cen* * 
ee Cen* 
aa Lup* 
KK SCO* 

77 Peg* 
aa Pav 
CDra a 
/?Lib b 

HR R 

5664 4 
8622 2 
6165 5 
4199 9 
5953 3 
4853 3 
4730 0 
5056 6 

5267 7 
5132 2 
5469 9 
6580 0 
0039 9 
7790 0 
6396 6 
5685 5 

HD D 

135240 0 
214680 0 
149438 8 
093030 0 
143275 5 
111123 3 
108248 8 
116658 8 

122451 1 
118716 6 
129056 6 
160578 8 
000886 6 
193924 4 
155763 3 
135742 2 

Spt. . 

07.5111(f) ) 
09V V 
B0V V 

BOVp p 
B0.33 IVe 
B0.55 III 
B0.55 IV 

BII III-IV 
+B2V V 
Bll III 
B1III I 

B1.5m/Vn n 
B1.5III I 

B2IV V 
B2IV V 
B6III I 
B8V V 

vsini vsini 
kmm s"1 

189 9 
31 1 
24 4 

151 1 
181 1 
38 8 

117 7 
159 9 

139 9 
159 9 
24 4 

131 1 
3 3 

39 9 
31 1 

230 0 

mv v 
magn n 
5.09 9 
4.88 8 
2.82 2 
2.76 6 
2.32 2 
1.25 5 
1.33 3 
0.98 8 

1.25 5 
2.30 0 
2.30 0 
2.41 1 
2.83 3 
1.94 4 
3.17 7 
2.61 1 
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5.22 The observations 

Usingg the Short Wavelength Spectrometer (SWS, de Graauw et al., 1996) on board the 
Infraredd Space Observatory (ISO, Kessler et al., 1996) we observed the Bra (4.0522 urn), 
Br/?? (2.6259 fim), Pfa (7.4599 fim) and Pf/3 (4.6538 fim) lines of 16 stars (given in Table 
1).. The spectra were obtained using the AOT02 grating spectral line scan mode. The 
spectrall resolution is dependent on the wavelength and ranges from ~ 1400 - 2100. The 
aperturee size is 14'x 20". The programme stars were selected on (i) having a spectral 
typee between late-O and early-B and (ii) on visual brightness and visibility during the 
ISOO mission. The sample also includes two stars of later spectral type: ( Dra (B6III) and 
jSjS Lib (B8V). The luminosity class varies between III and V and vsim' ranges up to 220 
kms"1. . 

Tablee 5.1 shows that 9 out of the 16 program stars are known to show or have shown 
radiall pulsations. All these 9 stars are confirmed /? Cephei stars, except 10 Lac and a Vir. 
Thesee two are known to show (or have shown) non-radial pulsations (Smith 1978; Smith 
1985). . 
Thee spectra were reduced using the SWS Interactive Analysis (IA3) programs. For the 
dataa reduction we made use of the algorithms developed by Valentyn and Thi (1998). 
AA short summary of the data reduction method is given in Zaal et al. (1999; hereafter 
paperr I). We optimized the signal-to-noise (S/N) ratio of the spectra using the interactive 
tooll "LOW_SlGNAL", as described by Lahuis (1998). The SWS spectra suffered from 
fringing.. The spectra were de-fringed using the fourier-fikering method in cases where 
thee fringe was clearly present as a sharp peak in the fourier domain. Unfortunately, the 
Pf/33 line observations were of insufficient S/N to be used in our analysis, and we discard 
thesee data in the remainder of this study. Bra is observed for all programme stars. For 
thee other lines we note that the dataset is not homogeneous, i.e. not all lines have been 
observedd for all stars. For instance, the Pfa profile in the late O-type stars has not been 
observedd as these stars are relatively more distant and consequently have too low fluxes to 
obtainn sufficient S/N. Figure 5.1,5.2 and 5.3 show Br/3, Bra and Pfa spectra respectively, 
arrangedd in order of progressively later spectral type. The observed line parameters for 
bothh the H I and the strongest He I lines are given in Table 5.2. The errorbar given in the 
figuresfigures represents the mean of the noise per bin in the central part of the spectrum. As the 
spectraa are obtained in scanning mode the outer edges of the spectra show significantly 
lowerr S/N ratios compared to the central part of the scan. In case of Pfa the continuum 
inn most spectra shows larger fluctuations than the given noise level. We attribute these 
fluctuationss to fringes which, because of insufficient S/N, could not be filtered out. 
Usingg the ISO Spectral Analysis Package (ISAP), we measured the line strength and 
widthh for all detected hydrogen and helium lines. The results are presented in Table 5.2. 
Thee listed line parameters follow from multiple Gaussian fits to all identified line pro
filesfiles within the observed spectral range. We distinguished the line absorption from the 
linee emission in case both are clearly present. In this way we are able to identify the 
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tt  t 
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Figuree 5.1. Normalized Br/3 spectra ordered according to spectral type. Indicated are the H I and 
Hee I lines detected in at least one of the spectra. The (thick) horizontal lines at the outer edges of 
spectrall region represents the normalization level of each individual spectrum. The errorbar on the 
rightright indicates the noise per bin in the central part of the spectrum. The edges of the spectra show 
higherr noise values, as these parts are not scanned by all detectors. 
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-2000 0 -10000 0 
velocityy (kms') 

2000 0 

Figuree 5.2. Normalized Bra spectra ordered according to spectral type. Indicated are the HI and 
Hee I lines detected in at least one of the spectra. The errorbars are as defined as in Fig 5.1. 
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- 2 0 0 0 0 
velocityy (kms-1) 

Figur ee 5.3. Normalized Pfo spectra ordered according to spectral type. Indicated are the H I 
liness detected in at least one of the spectra. The errorbars are defined as in Fig 5.1 
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Tablee 5.2. Quantitative measurements for the observed Br/3, Bra and Pfa line spectra. The table 
alsoo includes other identified lines (as labeled in Table 3). For each star, the table gives for each 
linee whether it is in absorption (a) or in emission (e); its equivalent width (EW); line flux; FWHM; 
thee velocity of the central absorption or emission and the line over continuum ratio at this velocity. 
Thee last column gives the S/N for the central part of the spectrum. 

Name e 

SCn SCn 

100 Lac 

rr Sco 

0Car r 

SSco SSco 

/?Cru u 

Line e 

Br/? ? 
Bra a 
Bra a 
Pfa a 
Br/? ? 
Bra a 
Bra a 
Pfa a 
Br/? ? 
Br/? ? 
Bra a 
Bra a 
Hel d d 

Pfa a 
HH I*-1' 
Br/? ? 
Hee r-6 

Bra a 
Bra a 
Hee Ide 

Pfa a 
Br/? ? 
Bra a 
Pfa a 
Br/? ? 
Hee la'b 

Bra a 
Bra a 
Hee ld'e 

Pfa a 
H i ^ ^ 

(a) ) 
(e) ) 
(a) ) 

(a) ) 
(e) ) 
(a) ) 

(e) ) 
(a) ) 
(e) ) 
(a) ) 
(a) ) 
(e) ) 
(e) ) 
(a) ) 
(a) ) 
(e) ) 
(a) ) 
(a) ) 

(e) ) 
(a) ) 
(a) ) 
(e) ) 
(a) ) 
(a) ) 
(e) ) 
(e) ) 

EW W 

[A] ] 
--

-3.0 0 
0.6 6 

-0.6 6 
-3.5 5 

1.8 8 

-0.7 7 
4.3 3 

-12 2 
7.7 7 
0.7 7 

-23 3 
-17 7 
4.1 1 
0.6 6 

-3.7 7 
8.3 3 
4.7 7 

-5.6 6 
5.2 2 
1.1 1 

-0.6 6 
7.7 7 
4.0 0 

-4.7 7 
-4.4 4 

FFlineline FWHM 
[io-20 0 

Wcrrr2]] [kms"1] [ 
--

0.99 290 
-0 .22 200 

Nott detected 
0.22 145 
0.99 135 

-0.55 230 
Nott detected 

5.44 145 
- 577 1220 
17.99 155 

-11.66 1700 
-1 .00 150 

3.00 220 
2.22 345 

- 366 640 
-4 .99 255 

5.99 205 
- 1 33 575 

-7 .66 500 
Nott detected 
Nott observed 

Irregular r 
1.44 185 

-1700 510 
- 3 66 450 
4.00 117 

- 488 660 
- 255 570 
2.00 185 
1.99 175 

Vline Vline 

kms -1] ] 
--

- 6 5 5 
270 0 

-55 5 
- 5 5 
195 5 

20 0 
10 0 

- 1 0 0 
--
0 0 
0 0 
--

30 0 
--

25 5 
-15 5 

--

- 6 0 0 
0 0 
--

15 5 
- 15 5 

--
- 3 5 5 

--

FilFFilF c c 

--
1.07 7 
0.98 8 

1.04 4 
1.18 8 
0.94 4 

1.05 5 
0.96 6 
1.50 0 
0.97 7 
0.97 7 
1.39 9 
1.20 0 
0.93 3 
0.98 8 
1.12 2 
0.90 0 
0.93 3 

1.11 1 
0.89 9 
0.97 7 
1.04 4 
0.92 2 
0.95 5 
1.10 0 
1.09 9 

S/N N 

150 0 
40 0 

80 0 
25 5 

70 0 
60 0 

110 0 

>150 0 

60 0 

25 5 
15 5 

135 5 

>150 0 

30 0 
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Tablee 5.2. continued. 

Name e 

aa Cru 

aa Vir 

/3Cen n 

eCen n 

aa Lup 

KK Sco 

77 peg 

aPav v 

Line e 

Br/3 3 
Bra a 
Hee id e 

Pfa a 
Br/3 3 
Bra a 
Hee i d e 

Pfa a 
Br/3 3 
Bra a 
H e i e e 

Pfa a 
Br/3 3 
Hee I11-6 

Bra a 
Hee i'< 3 

Hee ld'e 

Pfa a 
Br/3 3 
Bra a 
Pfa a 
Br/3 3 
Hel a a 

Bra a 
Pfa a 
Br/3 3 
Hel a a 

Bra a 
He i ' ' 
Hee id'e 

Pfa a 
Br/3 3 
Bra a 
H e l ' ' 
Hee id'e 

Pfa a 

(a) ) 
(a) ) 
(e) ) 

(a) ) 
(a) ) 
(e) ) 

(a) ) 
(a) ) 
(e) ) 
(a) ) 
(a) ) 
(a) ) 
(e) ) 
(a) ) 

(a) ) 
(a) ) 

(a) ) 
(a) ) 
(a) ) 
(e) ) 
(a) ) 

(a) ) 
(a) ) 
(e) ) 
(a) ) 

EW W 

[A] ] 

6.1 1 
1.1 1 

-3.9 9 

7.1 1 
2.7 7 

-1.8 8 

8.0 0 
2.1 1 

-1 .4 4 
5.9 9 
1.6 6 
6.9 9 

-0 .4 4 
2.4 4 

--
5.1 1 
1.1 1 

3.9 9 
0.8 8 
9.8 8 

-1.6 6 
1.9 9 

5.2 2 
6.5 5 

-0 .5 5 
0.4 4 

FunFun FWHM 
[10-20 0 

Vline Vline 

WcirT2]] [kms"1] [kms"1] 
Nott observed 

-1.11 875 
-0.22 400 

2.88 265 
Nott observed 

- 566 525 
- 222 465 
1.11 270 

Nott observed 
-1.55 690 
-0.44 240 

1.22 290 
- 788 520 
- 222 540 
- 166 545 
0.99 140 

-5.77 400 
Nott suff. S/N 
Nott observed 
Nott observed 
--

- 611 475 
- 144 455 

Nott suff. S/N 
Flat t 

- 2 99 385 
-6.33 265 
- 144 575 
2.44 195 

-2.88 370 
Nott suff. S/N 

-1000 450 
- 2 66 465 

1.99 125 
-1.44 185 

Flat t 

15 5 
--

10 0 

- 1 5 5 
--

- 2 5 5 

- 1 0 0 
--

-100 0 
20 0 
--

- 1 5 5 
--
--

--
- 2 0 0 

--

- 10 0 
--

- 6 5 5 
+20 0 

_ _ 

- 6 5 5 
40 0 
25 5 
--

hUc hUc 

0.95 5 
0.98 8 
1.06 6 

0.91 1 
0.96 6 
1.02 2 

0.92 2 
0.94 4 
1.02 2 
0.88 8 
0.97 7 
0.91 1 
1.02 2 
0.96 6 

--
0.89 9 
0.97 7 

0.89 9 
0.97 7 
0.88 8 
1.06 6 
0.96 6 

0.88 8 
0.90 0 
1.03 3 
0.99 9 

S/N N 

>150 0 

65 5 

>150 0 

60 0 

80 0 

90 0 
>150 0 

115 5 

20 0 

45 5 
>150 0 

30 0 
20 0 

>150 0 

90 0 

125 5 
>150 0 

>150 0 
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Tablee 5.2. continued. 

Name e 

CDra a 

/3Lib b 

Line e 

Br/3 3 
Bra a 
Pfa a 
Br/3 3 
Bra a 
Pfa a 

(a) ) 

(a) ) 
(a) ) 

EW W 

[A] ] 
6.4 4 

6.6 6 
8.3 3 

FuneFune F W H M VUne 

[io-2 0 0 

Wcm-2]] [kms"1] [kms"1] 
- 588 450 - 5 

Nott suff. S/N 
Flat t 

-9 .88 575 30 
- 244 580 5 

Flat t 

h/lc h/lc 

0.85 5 

0.88 8 
0.90 0 

S/N N 

>150 0 
20 0 
15 5 

>150 0 
>150 0 

20 0 

Hee I A 4.049 emission present in the blue-absorption wing of Bra (at -212 kms -1 rela
tivee to the rest wavelength of Bra). The derived line fluxes and equivalent widths for Br/3 
aree lower limits, as the continuum is difficult to determine for this broad absorption line, 
especiallyy for the late O- and earliest B-type stars (see Fig. 5.1). 

5.2.11 Description of observed spectra 

Alll three hydrogen lines show a decrease in line core emission going from early to late 
spectrall types, where at some point the core reverts to absorption. The line emission is 
strongestt for Pfa and Bra for which emission is detected up to spectral type B1 and B0 
respectively.. For Br/3 weak central emission is only found in the late O-type stars and in 
rr Sco. The line core emission is not fully resolved and one should realize that in high 
resolutionn spectra core emission is typically present in Bra and Pfa up to spectral type 
B3.. For example, Zaal et al. (1997) showed that high resolution UKIRT Bra spectra of 
twoo slowly rotating stars, t Her (B3IV) and 9 Oph (B2IV) still show weak core emission. 
Thee line emission results from a relative over-population of the upper level compared 
too the lower level of the line. This may result from an increasingly stronger coupling 
off higher levels to the local continuum (preserving LTE). Also, when the lines become 
opticallyy thin, lower levels may suffer (more) from the cascading effect. The relative 
over-populationn may even be enhanced when higher levels are also (extra) populated by 
pumpingg in UV resonance lines. The reason why a small population difference leads to 
significantt line emission is essentially because of the increased importance of stimulated 
emissionn in the line source function of infrared transition (where the Rayleigh-Jeans limit 
iss valid). For a detailed explanation, we refer to Paper I. 
Consideringg the detected trends in line emission it is clear from Fig. 5.2 and 5.3 that the 
Braa and Pfa emission observed for r Sco is exceptionally strong. In Paper I, we suggest 
thee strong H I emission in this star to be caused by large turbulent velocities in the outer 
photosphere,, up to 150 kms"1. The origin of such turbulence is not well understood, but 



5.25.2 The observations 101 1 

Tablee 53. The line identification for the strongest lines detected in at least one of the observed 
spectrall ranges (see Fig. 5.1, 5.2 and 5.3). The values for the vacuum wavelength of helium are 
fromm Martin (1987). 

Index x 

a a 
b b 
c c 
d d 
e e 
f f 

g g 
h h 
i i 

spectrall range 
Ao,vacc [/̂ m] 
Br/? ? 
26258.7 7 

Bm m 
40522.6 6 

Pfo o 
74598.6 6 

Linee transition 

Hee I ls6f-ls4d(S=3) 
Hee I ls6f-ls4d(S=l) 
Hel ls6g- ls4f(S=l ,3) ) 
Hei ls5f- ls4d(S=3) ) 
HeHs6p- l s l 4d (S= l ) ) 
He l l s5 f - l s4d(S=l ) ) 
Hei ls5g- ls4f(S=l ,3) ) 
H18-6 6 
H l l l - 7 7 

Avacc l>m] 
([kms-1]) ) 
26192.11 (-760) 
26205.66 (-615) 
26241.99 (-215) 
40377.33 (-1075) 
40377.33 (-960) 
40490.00 (-240) 
40490.22 (-240) 
75024.99 (+1713) 
75081.11 (+1939) 

inn view of the large velocities may be connected to shocks. As non-LTE effects are ex
pectedd to be enhanced by such turbulence (e.g. Sigut & Lester, 1996), we expect this to 
bee a plausible explanation for the observed strong emission. We note that large turbulent 
velocitiess in the atmosphere of r Sco are also found to have effects in the UV (Lamers & 
Rogerson,, 1979). Also, from photospheric metal line transitions in the optical Smith & 
Karpp (1978) found evidence for stochastic motions in the photosphere of this star. 

Ass mentioned, the observed spectra also show the presence of several He I lines. In some 
casess these lines blend with the observed H I profile and affect the shape of these profiles. 
Thee most prominent one is He I A 4.049 situated at -240 kms"1 relative to Bm. It shows 
weakk emission for the later spectral type stars: e Cen, 7 Peg and a Pav (and possibly 
CC Dra), causing a strong asymmetry in the Bra absorption profile (see Fig. 5.2). Zaal et 
al.. (1997) also found He I A 4.049 emission for t Her (B3IV) and 6 Oph (B2IV). This 
suggestss that it shows significant emission for stars of spectral type B1-B3. As in the 
casee of L Her the measured velocity of the He I A 4.049 line is small (i.e. 5 kms - 1 relative 
too the center of mass of the star), its origin is most likely photospheric. He I A 4.049 is 
alsoo suspected to be in emission for 8 Cir, 10 Lac, r Sco, and 6 Car. We conclude that the 
linee asymmetry in Bra for stars with spectral type B1-B3 can qualitatively be explained 
byy line emission in the He I A 4.049 line. We also suspect that the weak asymmetry in the 
Br/?? line profile of 7 Peg and a Pav can be attributed to weak emission in He I l s6g- ls4f 
att -213 kms"1 relative to Br/?. However, the blue-shifted peak-velocity of the Br/? ab
sorptionn in a Pav (—65 kms -1 , see Fig 5.1) can not be explained by this He I blend and 
mayy be related to its binary nature. 
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Otherr weak He I lines in the profiles of Br/? and Bra only show weak absorption, possibly 
withh the exception of He I ls5f- ls4d (at -1075 kms -1 relative to Bra) which may be in 
emissionn in case of r Sco. For the rapidly rotating stars several He I lines are blended, as 
indicatedd in Table 5.2. Although it is hard to define a proper continuum in the region of 
Br/3,, the observations indicate that the blue absorption wing of this line is more enhanced 
forr the earliest spectral types in our sample. We attribute this asymmetry to the presence 
off weak He I absorption lines. For late B-type stars, such as ( Dra and /3 Dra, the absorp
tionn in these He I lines is much weaker, resulting in more symmetric Br/3 profiles (see 
Fig.. 5.1). Within the spectral range of Pfa we could only detect the H I 8-6 and H I 
11-77 line blends in the spectrum of r Sco and a Cru. In both stars these two lines are, 
likee Pfa, in emission. 

Thee presence of He I absorption and/or emission can not explain all asymmetries. For 
thee two O stars, S Cir and 10 Lac, and for r Sco the spectra show additional asymmetric 
features.. In case of 10 Lac, for instance, the central reversal in Br/3 is blue-shifted to - 54 
kms^1.. Also the peak velocity of Bra emission of these three stars is significantly blue-
shifted.. The Bra spectrum of 10 Lac and S Cir even show additional asymmetric features. 
Inn both stars a redshifted absorption feature is present at respectively ~ +200 and +300 
kms - 11 (see Fig. 5.2). Zaal et al. (1997) found the same asymmetries in Bra for 10 Lac 
andd r Sco. In case of 10 Lac they also found blue-shifted line core emission, similar to 
thatt found here for Br/3. These asymmetries can not be explained by contamination of 
Hee I lines and must be intrinsic to the velocity field in the line forming region. The fact 
thatt these asymmetries occur only for stars with the earliest spectral types in our sample 
mayy suggest that the H I lines are affected by a stellar wind. However, in Paper I we 
demonstratedd that for r Sco the line displacements of the observed H I lines do not seem 
too fit to the scenario of an accelerating outflow. If these lines are affected by a stellar wind 
onee would expect to find a correlation between depth of formation and line displacement, 
whichh is not present for r Sco (Zaal et al. 1999). The observed line displacements for 
100 Lac point to the same conclusion. Possibly, the observed asymmetries in the H I 
infraredd lines of these early-type stars are due to (macro) turbulent motions in the outer 
photosphericc region. 

5.33 The H i infrared lines as a diagnostic for  Teff 

Inn this Section we will demonstrate that the observed HI lines can be used as a diagnostic 
tooll to determine stellar parameters, especially effective temperature (Teff). Figure 5.4 
showss the observed EWs of the Br/3, Bra and Pfa lines plotted against Teff. We have 
includedd four Bra measurements (1 Cas, HD155889, t Her and 0 Oph) obtained from 
UKIRTT spectra (Zaal et al. 1997) in order to improve the sampling for this line. The 
effectivee temperatures used in Fig. 5.4 are based on optical data. For most B-type stars the 
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Figur ee 5.4. The observed equivalent width of the Br/3 (square), Bra (circle) and Pfo- (triangle) 
profiless versus Tcff. The EWs derived from model calculations (paper I) are given for three differ
entt log g values: 4.3 (solid), 4.0 (dotted) and 3.7 (dashed). Both observed and predicted equivalent 
widthss were measured over a wavelength of - / + 300 kms - 1 relative to the rest wavelength of 
eachh line. We included also four Bra EWs (small symbol size) obtained with UKIRT (Zaal et al„ 
1997).. The adopted effective temperatures are derived from optical analyses (references are given 
inn Table 5.5). 

temperaturee is derived from Geneva photometry (Conny Aerts, private communication) 
followingg the method described by Kunzli et al. (1997). The adopted Teff for 5 Cir, r Sco 
andd 6 Car follow from optical line fitting of H I and/or He I (Vacca et al. (1996); Kilian 
1992;; Cohen et al. 1997). For 10 Lac we used the averaged literature value for Teff from 
Brandtt et al. (1998). The EWs are measured over a wavelength of - / + 300 km s~' 
relativee to the rest wavelength, i.e. similar bounds as selected in paper I. A larger bound 
iss not preferable as it would strongly increase the error in the derived equivalent width, 
becausee this is proportional to the uncertainty in the level of the continuum multiplied by 
thee wavelength interval over which the EW is determined. Also presented in Fig. 5.4 are 
thee hydrogen EWs predicted in paper I based on H&He non-LTE model atmospheres for 
threee different log g values: 4.3 (solid), 4.0 (dotted) and 3.7 (dashed). Table 5.4 provides a 
listingg of equivalent width values plotted in Fig. 5.4 and 5.6. We will discuss these models 
inn some detail in Sect. 5.4. At this point, we suffice to say that the models do not account 
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forr a turbulent velocity field. 
AA comparison of observed and predicted values demonstrates that the EWs agree reason
ablyy well. One can clearly see that each individual line is temperature sensitive only in a 
limitedd range. For Pfa the dependence on Teff is strongest, showing a decrement of more 
thann 17 A going from 34 to 20 kK. For Bra the dependence on Teff is also significant, 
showingg a decrement of about 8 A going from 34 to 26 kK. For Br/3, however, the depen
dencee on Teff is rather weak. Note that in the spectral range B0.5-B2 the observed Pfa 
linee strengths seem to be systematically lower than these predicted by our models. We 
willl return to this discrepancy below. In general, the sensitivity of the line strengths to 
gravityy appears to be weak. Even when the equivalent width is determined over a larger 
wavelengthh interval, i.e. including the more gravity sensitive line wings, the sensitivity to 
thiss parameter remains weak. For temperatures larger than 34 kK, the EWs of Bra and 
Br/?? do show some dependence on log g, although in view of the errorbars on the observed 
EWss (see Fig. 5.4) this dependence is too weak to be useful. The same holds for the EW 
off Pfo at 28 £ Teff £ 33 kK. 

Wee now apply the model results in Fig. 5.4 to derive effective temperatures from the 
infrared.. Table 5.5 presents the derived temperatures and compares them with Teff and 
loggg values derived from optical analyses. In those regimes where the observed EW 
changess rapidly with temperature, the diagnostic can be used to derive fairly accurate Teff 

values.. The range in spectral types for which this can be done is largest for Pfo. This 
linee may be used for spectral types between 09 and B2, i.e. for stars with temperatures 
betweenn 32 £ Teff ^ 20 kK. For Bra the interval is somewhat smaller, extending from 
099 to Bl. The Br/3 shows the weakest dependence on temperature. As a result of a rather 
poorr continuum determination, yielding relative large errors in equivalent width, we could 
onlyy apply this last line for spectral types BO and B0.5 (which comprise the programme 
stars:: r Sco, 9 Car, 8 Sco and /? Cm). 
Howw accurate are the derived temperatures? The absolute flux level of Pfa is about a factor 
off 3 to 4 lower compared to the flux at the Bra wavelength. Also, the SWS sensitivity 
att Pfa (observed in band 2) is significantly lower compared to the sensitivity at Bra. 
Thesee differences imply that the error in the line strength determination of Pfa will be 
muchh larger than the error estimate for Bra. This cancels out the larger predicted Teff 

sensitivityy of Pfa. In practice the reliability of both lines as a Teff diagnostic is about 
equall in the range in which they both may be applied (i.e. from 09-B1) and amounts to 
ann intrinsic error AT ~ 1-2 kK. As noted above, a discrepancy exists between observed 
andd predicted Pfa strength in the spectral range between B0.5-B2 (corresponding to 20 
££ Teff^ 28 kK). Here the predicted EW is systematically higher by about 1-2 A, which 
relatess to an infrared temperature about 1-2 kK higher than the temperatures derived 
fromm the optical. We will return to this systematic shift in Sect. 5.4, where we will show 
thatt it is connected with the neglect of turbulence in the set of models shown in Fig. 5.4. 
Expressingg the accuracy of the infrared lines in determining the temperature in terms of 
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Tablee 5.4. The predicted line strengths for Br/3, Bra and Pfo using TLUSTY (as plotted in 
Fig.. 5.4). The equivalent widths were measured between a wavelength of - / + 300 kms-1 relative 
too the rest wavelength of each line. For each effective temperature, three different log g values are 
considered:: 3.7,4.0 and 4.3, and two different values for the.turbulent velocity: 0 and 25 kms"1. 

Teff f 

[kK] ] 

16 6 
18 8 
20 0 
22 2 
24 4 
26 6 
28 8 
30 0 
32 2 
34 4 
36 6 
38 8 
40 0 

Teff f 

[kK] ] 

16 6 
18 8 
20 0 
22 2 
24 4 
26 6 
28 8 
30 0 
32 2 
34 4 
36 6 
38 8 
40 0 

u turbb = 0kms l 

logg g 
3.77 4.0 4.3 

EW(Br/3) ) 
[A] ] 

5.00 5.1 5.2 
4.88 4.8 4.9 
4.77 4.7 4.8 
4.77 4.7 4.7 
4.66 4.6 4.6 
4.44 4.4 4.4 
4.00 4.0 4.1 
2.77 2.8 2.9 
2.11 2.0 2.0 
1.99 1.5 1.3 
1.99 1.3 0.9 
1.99 1.4 0.9 
1.99 1.3 0.9 

logg g 
3.77 4.0 4.3 

EW(Bra) ) 
[A] ] 

5.22 5.2 5.2 
4.88 4.8 4.9 
4.66 4.6 4.7 
4.77 4.6 4.6 
4.66 4.4 4.5 
4.22 4.1 4.0 
3.11 3.2 3.2 
0.44 0.8 1.1 

-1 .33 -1.1 -0.7 
-2.11 -2.4 -2 .4 
-2 .33 -3.0 -3.3 
-2 .33 -3.0 -3 .5 
-2 .33 -3.0 -3 .5 

logg g 
3.77 4.0 4.3 

EW(Pfa) ) 
[A] ] 

4.22 4.2 4.5 
3.77 3.9 4.2 
3.11 3.2 3.7 
2.44 2.5 2.8 
1.55 1.3 1.5 
0.66 -0 .3 -0.1 

-3.11 -2.9 -2.6 
-8.99 -7.6 -6 .5 

-13.77 -11.9 -10.4 
-14.66 -14.2 -13.3 
-14.44 -14.2 -14.1 
_14.44 _14.1 -13.9 
-14.44 -14.2 -14.0 

UtUrbb = 25 kms -1 

3.77 4.0 4.3 
EW(Br^) ) 

[A] ] 
4.66 4.6 3.6 
4.33 0.0 0.0 
0.00 0.0 4.1 
4.11 4.0 4.0 
4.00 3.9 3.9 
3.88 3.7 3.7 
3.11 3.2 3.2 
2.11 2.3 2.4 
1.66 1.5 1.5 
1.55 1.0 0.8 
1.44 0.9 0.5 
1.44 0.9 0.5 
1.44 0.8 0.4 

logg g 
3.77 4.0 4.3 

EW(Bro) ) 
[A] ] 

4.44 4.3 4.0 
3.66 0.0 0.0 
0.00 0.0 3.3 
3.33 3.2 3.2 
3.22 3.0 3.0 
2.77 2.6 2.5 
0.66 1.2 1.5 

-1.88 -1.1 -0.5 
-3 .55 -3.3 -2.7 
-4.22 -4.5 -4.5 
-4 .44 -5.0 -5.2 
-4 .33 -5.0 -5.3 
-4.11 -4.9 -5.2 

logg g 
3.77 4.0 4.3 

EW(Pfa) ) 
[A] ] 

2.22 1.9 7.1 
1.33 0.0 0.0 
0.00 0.0 0.7 
0.22 -0.1 -0.1 

-0.77 -1.1 -1.3 
-3.44 -3.2 -3.0 
-9.55 -6.9 -6.0 

-15.99 -13.1 -10.2 
-18.99 -17.1 -14.9 
-18.66 -18.2 -17.2 
-18.22 -17.7 -17.2 
-17.99 -17.5 -16.8 
-17.66 -17.4 -16.8 
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Tablee 5.5. The effective temperature and log g as derived from optical photometry or spec
troscopyy and the three values of Tefl- as derived from the individual infrared lines. The references 
forr the optical value of Teff and log g are: (1) the relation between Tefr and spetral class as given 
byy Vacca et al. (1996); (2) from the range of spectroscopic values (Brandt et al. 1998); (3) val
uess derived from Geneva photometry (Conny Aerts, private communication) applying a method 
describedd by Kunzli et al., 1997); (4) Cohenet al. (1997); (5) Kilian (1992). 

name e 

55 Civ 
100 Lac 
rr Sco 
0Car r 
88 Sco 
/?Cru u 
aa Cru 
oo Vir 
QQ Vir 
(3Cen (3Cen 
tt Cen 
QQ Lup 
KK Sco 
77 Peg 
QQ Pav 
CDra a 
(3(3 Lib 

Spt. . 

07.5111(f) ) 
09V V 
BOV V 
BOVp p 
B0.3IVe e 
B0.5III I 
B0.5IV V 
B1III-IV V 

B2V V 
B1III I 
B1III I 
B1.5III/Vn n 
B1.5III I 
B2IV V 
B2IV V 
B6III I 
B8V V 

Teff f 
[kK] ] 

7 7 
344  4 

3 3 
5 5 
9 9 
0 0 
6 6 
5 5 
5 5 
7 7 
4 4 
3 3 
2 2 
5 5 
1 1 
7 7 
1 1 

logg 9 

3.66 1 
4.11 1 

3 3 
0 0 

4.00 5 
3.88 5 

5 5 
5 5 
5 5 
0 0 
5 5 
4 4 
2 2 
6 6 
2 2 

3.77 1 
2 2 

Ref. . 

1 1 
2 2 
5 5 
4 4 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 

EW(Br0) ) 
£30 0 
299 4 
300 3 
288 4 
244 4 
266 2 
--
--
--
--
£ 2 7 7 
--
244 4 

4 4 
£ 2 6 6 
--

--

Tefrr (kK) 
EW(Br») ) 
£ 3 2 2 
£ 3 1 1 
£ 4 0 0 

1 1 
--
266 2 
288 2 
£ 2 0 0 
£ 2 0 0 
£ 2 6 6 
££ 18 
— — 
--
£ 1 9 9 
£ 1 8 8 
--

--

EW(Pfa) ) 
--
--
£ 4 0 0 
--

2 2 
1 1 

288 1 
277 2 
277 2 
277 2 
277 6 
211 4 
277 6 
--
--
_ _ 

--

spectrall subtype, we find that Bra yield errors of about one subclass in the spectral range 
O9-B0.5.. The Pfa line yield an accuracy of one to three subtypes within the range 
B0.5-B2.. However, this last error may be narrowed down to about 1 to 1.5 subclasses 
whenn turbulence is included (see Sect. 5.4). 

Thee equivalent widths of Bra as obtained with [CGS4] UKIRT (Zaal et al. 1997) have 
errorbarss about two times smaller than those obtained with SWS (see Fig. 5.4). If one can 
securee spectra of similar quality, i.e. spectra with resolution R £ 10000 and signal-to-
noisee S/N > 50, the Bra line may even be suited to derive the spectral type to within half 
aa subclass for stars within the spectral range 0 9 - B 1 . 

Wee may also use our models to predict to what extent other infrared lines, not observable 
withh ISO, may be used as a temperature diagnostic. First we discuss Hua at 12.4 ^m. 
Thiss particular line may be observed using VISIR (VLT Image and Spectrometer for mid 
InfraRed),, scheduled to be installed in 2001 on the Very Large Telescope (VLT). With 
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Figur ee 5.5. The EW for (a) Hua and (b) He I 1.083 fim as derived from the non-LTE model for 
threee different log g values: 3.7 (dashed), 4.0 (dotted) and 4.3 (solid). 
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thiss instrument it should be possible to obtain HUQ spectra with sufficient S/N for most 
off our program stars. Figure 5.5a shows the predicted EW of this line as a function of 
temperature.. Compared to Pfa, Hua shows an even larger sensitivity to Teff which also 
extendss up to later spectral type (~ B3). We conclude that this line is expected to be an 
excellentt infrared Teff diagnostic for 09 to B3 type stars. 
Next,, we investigated to what extent He I infrared lines may be used as a temperature 
diagnostic.. Figure 5.5b shows the equivalent width behaviour for He I 1.083 ^m. The 
gravityy sensitivity of this line is like the hydrogen lines rather weak. Unfortunately also 
thee Ten dependence of this He I line is weak, rendering the line almost useless for Teff 
determinationn unless very high quality spectra can be secured (S/N ^ 1000). A second 
prominentt He I line in the infrared is He I A 2.058. Unfortunately, the strength of this line 
iss strongly coupled to the strength of the UV continuum through the resonance transition 
att 584 A (Morris et al. 1996). This makes this line unsuited for spectral classification. 
Wee conclude that helium infrared lines are not expected to yield a sensitive temperature 
calibrationn method for stars of spectral type 0 8 - B 3 , unless very high S/N data is available 
forr He I 1.083 pm. 

5.44 The validity of the H&H e model 

Thee predicted equivalent widths discussed in the previous section are based on non-LTE 
hydrostaticc H&He model calculations. In this section we will test to what extent some 
off the assumptions in these models will affect the temperature determination. First, we 
willl compare the observed line strengths with LTE calculations to demonstrate that non-
LTEE is a crucial physical ingredient for modeling the observed EWs. Secondly, we will 
showw that when accounting for line blanketing, one does not expect to affect the predicted 
linee strength significantly. Thirdly, we describe the effect of turbulence. By including 
aa turbulent velocity of 15 kms~! in the model calculations we are able to explain the 
mismatchh between the observed Pfo EW and those predicted. Finally, we will discuss 
whetherr a stellar wind may be expected to have an effect on the H I and He I infrared 
lines. . 

5.4.11 Equivalent width predictions from LTE models 

Figuree 5.6a shows the observed EWs together with model predictions from LTE calcula
tions.. Only one gravity (log g = 4.0) was used. The predicted values for Pfa are strikingly 
differentt from the non-LTE results for all of the investigated Teff range. Large discrep
anciess also occur for Bra at Teff Z 26 kK. At Teff£26 kK the LTE assumption seems to 
bee reasonable for both Bra and Br/?. However, close inspection of the predicted profiles 
indicatess that at these temperatures non-LTE effects are also important. The agreement 
betweenn the LTE and non-LTE models at Teff^26 kK is merely coincidental: in the case 
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modelss the same gravity values (and linestyles) are used as in Fig. 5.4. 
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off LTE the line center is deeper, whereas the line wings are weaker compared to the non-
LTEE profiles. These differences happen to cancel out approximately, yielding the same 
valuee for the equivalent width. In general we conlude that LTE calculations fail to predict 
thee strengths and shapes of the investigated infrared hydrogen lines for stars with spectral 
typee earlier than B3. The same conclusion is reached for the strongest infrared neutral 
heliumm lines. 

5.4.22 The effect of including line blanketing 

Thee term "line blanketing" signifies the effect that millions of spectral lines may have 
onn the structure of a stellar atmosphere. In paper I, we demonstrated that for r Sco a 
modell accounting for line blanketing in general yielded better infrared hydrogen profile 
fits.fits. Typically, the profiles show a slightly enhanced core emission and a moderately 
enhancedd wing absorption compared to H&He predictions. Essentially, these effects are 
aa direct result of differences in the temperature structure, the temperature gradient in the 
linee blanketed models being somewhat steeper. In T Sco the differences in line shape are 
mostt pronounced for Br/? and Bra. Compared to the non-blanketed case the equivalent 
widthh of Br/? is increased by about 1 A(i.e overall stronger line absorption). If this is 
aa general trend, this may resolve the small systematic offset between the observed and 
predictedd strengths of this line as presented in Fig. 4 (where non-blanketed models are 
used).. The overall strength of Bra and Pfa was not found to be much different between 
thee blanketed and non-blanketed case. 

Althoughh one should not blindly extrapolate the results for r Sco to the entire temperature 
regimee investigated in this paper, the test case does seem to indicate that the effect of 
blanketingg on the equivalent width is relatively modest. This also seems to be validated 
byy the succes of the H&He models in reproducing the observed infrared line strengths. To 
somee extent this may be explained by the fact that the EW is calculated using bounds of 
- / ++ 300 kms"1. For this interval the "extra" absorption in the wings of lines of models 
incorporatingg blanketing about cancels the "extra" emission in the line center. 
Unfortunately,, it is not easy to extend our blanketing calculations such that they cover the 
temperaturee range of all late-O and early-B stars. The computational costs of such a grid 
aree presently too large. 

5.4.33 The effect of turbulence 

Inn the models the effects of micro-turbulence have been neglected. Microturbulence rep
resentss motions on scales small compared to the region in which the line is formed. The 
resultt is an additional broadening. The main effect is that this turbulence acts to desatu-
ratee the lines allowing a radiation field from deeper layer to affect the level populations. 
Thiss enhances non-LTE effects (Sigut & Lester 1996). The presence of strong turbulence 
iss likely the reason why the observations of r Sco differ from our model predictions (see 
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Paperr I). To illustrate this: in r Sco a broad emission is seen in Bra reaching velocities of 
 150 kms"1. 

Figuree 5.6b shows models similar to those given in Figure 5.4, now using a vturb of 25 
kms-1.. Table 5.4 provides a listing of equivalent width values plotted in Fig 5.6. For all 
temperaturess we find that the EW of Bra and Pfa decrease (i.e. stronger line emission) by 
respectivelyy ~ 2 and 3.5 A. The introduction of vtuib will make the overall fit worse for 
Br/?? and Bra, whereas for Pfa a vturb of « 15 kms^1 will remove the overall discrepancy 
betweenn observed and predicted equivalent width using H&He models (cf Sect. 5.3). For 
thee observed Pfa lines which show line emission, i.e. those with spectral type B0.5-B2, 
thee line is expected to be purely photospheric as possible wind contamination can likely 
bee ruled out for such spectral types (see Sect. 5.2.1). As the overall line formation of 
Pfaa occurs further out in the photosphere compared to Bra, this may indicate that vturb 

increasess outward in the atmosphere of dwarfs of spectral type B0.5-B2. This interesting 
resultt demonstrates the potential of H I infrared lines in studying the outer photospheric 
structuree of early-type stars. 

5.4.44 The effects of a stellar  wind 

Wee will now address the possible presence of a stellar wind and its effect on the infrared 
profiles.. The H&He model calculations assume a hydrostatic atmosphere. In paper I 
wee have demonstrated that in case of r Sco a wind is not expected to affect the H I and 
Hee I line profiles. This conclusion is based on we presented both an observational and a 
theoreticall argument. 
First,, the observed line displacements for the different hydrogen lines do not seem to 
correlatee with the rest wavelengths (A0's) of these lines in the sense that a larger displace
mentt is expected for lines with larger A0. This is expected as due to the A2 proportionality 
off free-free processes, the infrared continuum forming layers shift outward in the atmo
sphere.. If a measurable velocity gradient would already be present in these layers a larger 
displacementt should have been seen in, for instance, Pfa compared to Bra. Second, after 
linkingg the density structure to a velocity structure using the mass continuity equation, 
inspectionn of the r Sco model showed that the cores of the lines discussed in this study 
alll formed at highly subsonic layers. 
Wee expect these arguments also to apply to the low mass-loss rates of the B-type dwarfs 
andd (sub)giants investigated in this paper. (For B-supergiants the argument no longer 
holdss as these stars suffer a much larger mass loss. See e.g. Najarro et al. 1998). As 
discussedd in Sect. 5.2.1, the earliest spectral types in our sample show evidence for asym
metriess in the observed hydrogen profiles which could not be attributed to He I blends. 
Wee can not fully exclude that these asymmetries are the result of a stellar wind, how
ever,, at the present moment it seems more reasonable to attribute them to macro turbulent 
velocitiess in the outer photosphere as already suggested for r Sco (paper I). 
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5.55.5 discussion 
Earlierr work discussing infrared spectroscopy for spectral classification of OB stars was 
publishedd by Hanson et al. (1996, 1998) and Blum et al. (1997). These groups focus on 
thee classification of supergiants, although their samples also include some (sub)dwarfs. 
Hansonn et al. (1996) used Br7, He I A 2.058, 2.116, He II A 2.190 and some metal line 
transitionss in the K-band (2.04-2.2 ^m) for the classification of 180 optically visible, lu
minouss OB stars. For the late O- and B-type dwarfs they could derive only a coarse clas
sificationn as only Bry and He I A 2.116 could be used. In Sect. 5.3 we have demonstrated 
thatt Br/3 is not ideal for spectral classification. As the spectral dependence for Br7 is even 
weakerr (see Paper I), this explains why Hanson et al. (1996) are only able to provide a 
coarsee spectral classification, with "coarse" meaning the stars may be grouped in "early", 
"mid"" and "late" type. First attempts using the H-band for spectral classification (Blum 
etal.. 1997; Hanson et al. 1998) yield similar results. Hanson et al. (1998) examined the 
spectrall characteristics of 34 normal OB stars using the He I A 1.700, He II A 1.693 and 
thee Br 11 1.7681 /j,m in the H-band. For late O- and B-type dwarfs again only a coarse 
spectrall classification could be derived. Compared to the K-band it is also more difficult 
too find a luminosity effect in these lines, although Hanson et al. (1998) appear to reveal a 
weakk luminosity dependence using the ratio of Br 11 to He I 1.700 /jm. 
Inn comparison with these spectral classifications using the K- and H-band, spectral clas
sificationn using the Bra and Pfa line appears much more promising as these lines show 
aa significantly stronger dependence on stellar temperature for the late O- and early B-
typee dwarfs allowing for a classification within one or two subclasses. The accuracy of 
thee spectral classification is expected to improve when Hua becomes observable with the 
installationn of VISIR in 2001 on the VLT Contamination by excess flux at longer wave
lengthss (A £ 4 ^m) due to warm circumstellar dust is not anticipated to be an important 
problem,, as dust is expected to be present in dwarfs or subgiants. However, dust con
taminationn is expected for supergiants. Therefore, the use of Pfa or Hua for spectral 
classificationn of supergiants may not be feasible, unless the dust contamination is weak or 
cann be modeled. 

Withh the observed line profiles we were not able to put constraints on the value of logg. 
Gravityy causes only minor changes in the derived equivalent widths for the observed H I 
infraredd lines. As one also has to deal with the uncertainty in microturbulent velocity, we 
expectt it to be difficult to determine log g using the EW of H I and/or He I lines. Alter
nativelyy one could derive the gravity by fitting the Stark broadened wings of hydrogen 
liness like, Br/3 and Bry. However, this requires high quality spectra with well determined 
continuaa and also a more complex modeling accounting for the effects of line blanketing. 
Thee K-band atlas of Hanson et al. (1996) includes the He I A 2.058 line. This data allows 
forr a comparison of observed and predicted equivalent widths. Figure 5.7 shows this 
comparisonn for the normal stars in their sample, i.e. excluding the emission line stars. In 
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Figuree 5.7. Comparison between the equivalent width of the observed He I 2.058 /xm line as 
givenn by Hanson et al. (1996) and those predicted in paper I. The observed EWs are represented 
byy dots. The large (medium, small) dots represent supergiants (giants, dwarfs). The model calcula
tionss are shown for four different values of log g: 4.3, 3.85,3.4 and 3.0 (increasing line thickness). 
Thee dashed lines represent similar model calculations using a t;turb of 25 kms" . 

orderr to link the spectral type adopted by Hanson et al. (1996) to a temperature value we 
usedd the spectral class calibrations given by Vacca et al. (1996) for the O-type stars and 
thosee from Meyer et al. (1998) for the B-type stars. To allow for a comparison of the 
moree evolved stars, we extended our gravity calculations to include log g = 3.4 and 3.0. 
Figuree 5.7 shows that for the O-type stars the predicted equivalent widths are in fair 
agreementt with the observations. The supergiants (large dots) show the largest equiv
alentt widths, whereas the main sequence stars (small dots) have an \EW\ <,Q.5. The 
observedd equivalent widths of the supergiants may be reproduced when including low 
gravityy models. Note however that also an increase in the microturbulent velocity (the 
dashedd lines are for uturb= 25 kms-1) helps bring the models in range of these obser
vations.. The large scatter in the observed EWs for the O supergiants indicates that the 
correlationn between He I A 2.058 strength and luminosity is not pronounced. In the case 
off the B1-B2 supergiants the observed He I strength also shows a large scatter. For these 
laterr type supergiants the H&He models completely fail to predict the observed strong 
Hee I A 2.058 line emission. The reason for this large discrepancy is most likely due to the 
presencee of a strong stellar wind. 
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However,, one should be very prudent in applying this line. The resonance ls2p-lsls 
transitionn at 584 A shares the same upper level with the He I A 2.058 transition. The 
populationn of this upper level is dominated through the resonance channel. This implies 
thatt the He I A 2.058 line is strongly sensitive to variations of the flux in the far-UV 
partt of the spectrum (Morris et al., 1996). The line will thus respond to even minor 
densityy enhancements near the surface of the star. Such density variations are expected 
too be present in the onset of the stellar wind of early-type stars (Owocki et al. 1988). 
Thiss may render the He I A 2.058 unsuited for spectral classification, especially for the 
moree luminous supergiants. For the dwarfs the He I A 2.058 line is weak. In paper I, we 
observedd the He I A 2.058 profile of r Sco which showed a weak red-shifted line emission. 
Thee line shape nor strength could be explained using a hydrostatic model. This serves to 
demonstratee the complexity of the He I A 2.058 line formation, not only in supergiants 
butt also in case of dwarfs. 

5.66 Summary 

Wee have demonstrated the potential of determining the stellar temperature from the equiv
alentt width of Pfa and Bra. These lines are sensitive to temperature for dwarfs and giants 
withinn the spectral range 09-B2 (09-B1 in case of Bra). The Bra sensitivity to Teff 

iss less strong compared to Pfa. The quality of our observations allow one to derive a 
spectrall type within ~ one or two subclasses. Using high resolution and high S/N spectra 
obtainedd with UKIRT, the classification may be improved to within one subclass, using 
Bra.. The EW of Br,# depends only weakly on Teff over the entire investigated spectral 
range.. Therefore this line as well as higher Brackett series lines have only very limited 
potentiall for spectral classification. 
Comparedd to the optical spectral classification, the effective temperatures estimated from 
Braa and Pfa lines have errorbars about a factor of two to four larger. As the log g depen
dencee is weak for the observed infrared lines, we presently need to rely on the optical for 
aa determation of the luminosity class. In the future one may be able to determine gravity 
fromm fitting Stark broadened lines like Br/? and Br7. However, this requires high quality 
spectraa with well determined continua and also a more realistic modeling, accounting for 
linee blanketing. 
Thee Br/?, Bra and Pfa line strengths as determined from models (paper I) show a promis
ingg agreement with the programme stars observed with ISO. This indicates that the hydro
staticc non-LTE H&He models are valid and allow for a meaningful prediction of temper
aturee based on the H I and He I line strengths. This may seem surprising as these models 
aree rather basic, i.e. they neglect line blanketing and/or effects of a wind. The most im
portantt ingredient in the model is to consider departures from LTE, as these departures 
stronglyy influence the equivalent width as well as line shape. 
Linee blanketing seems only modestly important in determining the strengths of these in-
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fraredd lines. This may in part be due to the adopted line bounds of - / + 300 kms - 1 used 
too measure the equivalent width. These bounds are such that they result in a cancelation 
off additional wind absorption - compared to non-blanketed predictions - by additional 
coree emission. 
Microturbulencee competes in importance with line blanketing when discussing line strengths. 
Thee inclusion of these small scale motions leads to an increased line emission. Essentially, 
turbulencee tends to desaturate the lines and may enhance non-LTE effects (Sigut & Lester 
1996).. In order to obtain a better overall fit between observed and predicted Pfa strength 
wee needed to include turbulent velocities of magnitude vturb ~ 15 kms - 1 . For Bra an 
optimall fit was found for uturb < 5 kms -1 . This points to gradient in the turbulent veloc
ityy in the photospheres of late-O and early-B dwarfs and subgiants, in the sense that utUrb 
increasess with decreasing density. 
Inn comparison with the lines observed in the H- and K-band spectroscopy (Hanson et 
al.. 1996, 1998), Bra and Pfa show a larger sensitivity to effective temperature for late 
O-- and early B-type dwarfs. The accuracy of the spectral classification is expected to 
improvee when using the equivalent width of Hua. This line may be observed with VISIR 
whenn installed in 2001 on the VLT. 
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Chapterr  6 

Windd effects on the infrared hydrogen 
liness of O-type stars. 

RA.. Zaal, A. de Koter 

Inn this paper we investigate the effect of a radiation driven outflow on the in
fraredd hydrogen line profiles of O-type stars. The lines investigated are Bra, 
Pfa,, and Hua. The optical Ha line is also included, to allow for a comparison 
withh other studies. 
Thee validity regimes of two different non-LTE atmosphere codes are investi
gated.. We find that the plane-parallel hydrostatic program TLUSTY (Hubeny 
1988)) is suited for the study of mid- to late-O dwarfs. For these stars, non-
LTEE effects cause the infrared lines to be in emission. The second code, 
ISA-WIND,, treats the photopshere and wind in a unified manner, but assumes 
aa simplified treatment of the photosphere and employs the Sobolev approx
imationn for line transfer (de Koter et al. 1997). We find that this model is 
suitedd for the study of early-0 giants and all supergiant O-stars. In terms of 
aa mass loss, the above unified model atmosphere assumptions are valid for 
MM ;> 3 10"6 Moyr-1. 
Wee present "curves of growth" for Ho, Bra, Pfa and Hua, expressing the 
equivalentt width in terms of the parameter Q = M/ fl3/2Teff

2iw This pro
videss a means to derive the mass loss of massive stars from infrared diag
nostics,, if effective temperature, luminosity and terminal flow velocity can be 
determinedd by other means. 
Thee line most sensitive to mass loss, and for which the SA is most suited, is 
Hua.. This line may be observed with VISIR, when this infrared imager and 
spectrographh is installed on the Very Large Telescope. 
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6.11 Introductio n 

Thee physics of the formation of massive stars is poorly known. This is essentially because 
inn their pre-main sequence and early-main sequence evolution they are embedded in the 
dustt and gas cloud out of which they are forming. This includes ultra-compact HII regions 
ass well as larger star formation environents, including starbursts. Because of a large visual 
andd ultraviolet extinction these regions can not be observed in these spectral windows. As 
infraredd (IR) radiation passes relatively undisturbed through dust, this wavelength range 
potentiallyy offers the means to derive important information concerning massive stars 
formation. . 

Thee fundamental problem is that for these star forming sites only the infrared is available. 
Thiss implies that all stellar and stellar outflow parameters need to be determined from 
IRR spectral lines. These parameters include effective temperature, gravity and mass loss. 
Thee latter parameter is important as it will eventually halt accretion of material from 
thee parental cloud, fixing the stars initial mass, and cause the dispersal of the remaining 
circumstellarr material. 
Thiss study focusses on deriving the mass loss from infrared lines. The problem requires 
quantitativequantitative spectroscopy of hot stars accounting for radiatively accelerated outflows. To 
accomplishh this objective one requires a code which treats the photosphere and wind 
inn an integrated way. Several of these codes have been developed, for instance codes 
focussingg on the modeling of Wolf-Rayet star (Hillier & Miller 1998), and/or O-type 
starss (Santolaya-Rey et al.1997, de Koter et al. 1997). In view of the complexity of the 
problemm - it requires the solution of radiative transfer in both the continuum and the lines 
inn a moving medium, subject to the constraints of statistical and radiative equilibrium 
-- most of these codes make approximations of some sort. We will use the ISA-WIND 
codee of de Koter et al., which uses a simplified treatment of the photosphere and uses 
thee Sobolev approximation (SA, Sobolev 1960) for calculating radiative bound-bound 
rates.. The advantage of this code is that it is fast, allowing it to be used for relatively 
largee samples of hot stars. Because of the assumptions made, one should first carefully 
investigatee in which range of parameter space, i.e. for which types of stars, this diagnostic 
methodd is applicable. One of the goals of this paper is to address this question studying 
O-typee dwarfs, giants and supergiants. 

Thee spectral lines on which we will concentrate our efforts are the Bra A4.05 (wave
lengthh given in //m), Pfo A7.46 and Hue* A12.4 lines of hydrogen. In a previous study 
Zaall et al. (1999b) showed that late O-type dwarfs are expected to show emission pro
filesfiles for Bra and Pfa due to non-LTE effects in the outer photosphere. This implies that 
onee should be careful interpreting the nature of the lines seen in the infrared: the emission 
needd not necessarily indicate a stellar outflow. We will also compute plane-parallel hydro
staticc non-LTE models using the program TLUSTY (Hubeny 1988) in order to investigate 
whetherr the SA code reproduces the results from plane-parallel and hydrostatic models in 
casess of the very thin winds typical for late-O dwarfs. 
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Forr the cases in which the SA is justified, we investigate the diagnostic power of the 
infraredd hydrogen lines in predicting mass toss. This is the main goal of this study. 
Thee paper is organized as follows: In Section 2, we discuss the model codes. Section 3 
investigatess the regime of O-stars in which the Sobolev approximation is valid. The use 
off infrared lines as a mass loss diagnostic is discussed in Section 4. Finally, in Section 5 
wee will summarize our most important results. 

6.22 The grid of models 
Wee define a grid of O-type models based on the spectral classification of Galactic stars 
byy Vacca et al. (1996). This spectral type and luminosity class calibration is based on 
detailedd spectroscopic analysis of a sample of 58 stars, using (mostly) non-LTE H&He 
plane-parallell model atmospheres. For original references of these analyses, we refer the 
readerr to the Vacca et al. paper. The grid contains 13 models, covering spectral types 03 
throuoghh 09.5, for three different luminosity classes, i,e. dwarfs, giants and supergiants. 
Thee stellar parameters of this grid are given in Table 6.1. For the stellar masses, we adopt 
thee values derived from comparison with evolutionairy tracks. 

6.2.11 Photospheric models 
Forr each model, we calculated the infrared lines using the non-LTE plane-parallel atmo
spheree code TLUSTY (Hubeny 1988). We considered hydrogen and helium only. For a 
fulll description of the atomic models of these elements, we refer to Zaal et al. (1999a). In 
short,, we included 15 levels of H I, and 69 and 14 He I and He II levels respectively. The 
predictedd lines will be used to compare with observations in the hydrostatic limit. Also, 
theyy will be used to derive the "net wind emission", i.e. the strength of a line affected by 
aa stellar wind, corrected for the underlying photospheric profile. 

6.2.22 Wind models 
Forr the same set of models, we calculated a grid of unified model atmospheres using the 
codee ISA-WIND of de Koter et al. (1993, 1997). In this respect, "unified" implies that 
noo artificial separation between photosphere and wind is assumed. As in the TLUSTY 
calculations,, only hydrogen and helium are considered. The complexity of the atomic 
modelss is as follows: 
Forr H I and He II the first 20 main quantum levels are included. For He I 45 levels are 
takenn into account. In this last ion, all levels up to n = 7 and angular momentum L < 3 
aree treated separately. The levels with L > 3 are grouped into a superlevel for each main 
quantumm number up to n = 7. From levels n > 8 and n < 10 the singlet and triplet levels 
forr a given quantum level are grouped into single superlevels. The bound-free transition 
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Tablee 6.1. Input parameters for the ISA-WIND model calculations in case of luminosity class 
I.. Given are the spectral type, effective temperature, stellar radius, stellar mass, mass-loss rate and 
thee terminal velocity. The first five stellar parameters are from Vacca et al. (1996), M is derived 
usingg the formalism for Galactic O-type stars as given by Lamers & Cassinelli (1996) and for v^ 
wee adopt v  ̂ = 2.5l-vesc (Lamers et al. 1995). 

SpT T M M M TTeen n 
[K] ] 

R* R* 
[Re,] [Re,] 

Mevol l 
[M0] ] 

log(M) ) 
[Meyr"1] ] 

t'0G G 

[kms"1] ] 
Luminosityy class I: 
03 3 
04 4 
04.5 5 
05 5 
05.5 5 
0 6 6 
06.5 5 
07 7 
07.5 5 
08 8 
08.5 5 
09 9 
09.5 5 

6.274 4 
6.210 0 
6.176 6 
6.141 1 
6.104 4 
6.066 6 
6.026 6 
5.984 4 
5.940 0 
5.895 5 
5.847 7 
5.796 6 
5.743 3 

50680 0 
47690 0 
46200 0 
44700 0 
43210 0 
41710 0 
40210 0 
38720 0 
37220 0 
35730 0 
34230 0 
32740 0 
31240 0 

\1.11 \1.11 
18.64 4 
19.10 0 
19.60 0 
20.10 0 
20.65 5 
21.22 2 
21.80 0 
22.43 3 
23.11 1 
23.83 3 
24.56 6 
25.38 8 

115.9 9 
104.7 7 
95.7 7 
86.5 5 
79.5 5 
74.7 7 
69.6 6 
64.3 3 
59.2 2 
54.8 8 
50.6 6 
46.7 7 
43.1 1 

-4.803 3 
-4.887 7 
-4.919 9 
-4.948 8 
-4.988 8 
-5.037 7 
-5.087 7 
-5.138 8 
-5.191 1 
-5.248 8 
-5.315 5 
-5.381 1 
-5.450 0 

2994 4 
2825 5 
2657 7 
2475 5 
2344 4 
2262 2 
2170 0 
2070 0 
1970 0 
1882 2 
1819 9 
1738 8 
1660 0 

probabilitiess are from the Opacity Project TOPBASE database (Cunto & Mendoza 1992) 
forr all levels up to n = 4. For the bound-free transitions with n >4 and all bound-bound 
Hee I transitions between levels n >4, we use the hydrogenic approach. These atomic 
modelss are very similar to those used for the TLUSTY calculations (Zaal et al. 1999a). 
Thiss approach minimizes differences between photospheric and wind calculations as a 
resultt of differences in the treatment of atomic physics. 
Thee wind models require the specification of the mass-loss rate, M, and the velocity 
law.. To each model, we assign a mass loss using the formalism for Galactic O-type stars 
givenn by Lamers & Cassinelli (1996). This formalism is based on the modified wind 
momentum-luminosityy relation (Kudritzki et al. 1995). In short, M follows from 

l o g t M i ^ y S öö = -10.47 + 1.557 * log(L.) + Ccia* + CGai (6.1) 

wheree v  ̂ is the terminal flow velocity and I» the stellar luminosity. The parameters 
Cciasss a r ,d CG»I aTe correction term for stars of luminosity class II I  and V. The former 
onee is a constant, which has value -0.34 and -0.49 respectively. The second parameter 
correctss the relation for the steeper mass loss-luminosity dependene observationally found 
forr these two luminosity classes: CGai = -1.60 • (5.60 - log(L„)). It need be applied only 
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Tablee 6.1. continued, now for luminosity class III. 

SpT T log(L.) ) TTeefi fi 

[K] ] 
R. R. 

[RQ] [RQ] 

Mevo] ] 

[M0] ] 
log(M) ) 

[M0yr-1] ] 
Uoo o 

[kms-1] ] 
Luminosityy class III: 
03 3 
04 4 
04.5 5 
05 5 
05.5 5 
06 6 
06.5 5 
07 7 
07.5 5 
08 8 
08.5 5 
09 9 
09.5 5 

6.154 4 
6.046 6 
5.991 1 
5.934 4 
5.876 6 
5.817 7 
5.756 6 
5.695 5 
5.631 1 
5.566 6 
5.499 9 
5.431 1 
5.360 0 

50960 0 
48180 0 
46800 0 
45410 0 
44020 0 
42640 0 
41250 0 
39860 0 
38480 0 
37090 0 
35700 0 
34320 0 
32930 0 

15.31 1 
15.12 2 
15.05 5 
14.97 7 
14.90 0 
14.83 3 
14.78 8 
14.75 5 
14.70 0 
14.69 9 
14.67 7 
14.68 8 
14.70 0 

101.4 4 
82.8 8 
75.8 8 
68.4 4 
62.0 0 
56.6 6 
52.0 0 
47.4 4 
43.0 0 
39.0 0 
35.6 6 
32.6 6 
29.9 9 

-5.321 1 
-5.451 1 
-5.522 2 
-5.591 1 
-5.664 4 
-5.740 0 
-5.822 2 
-5.901 1 
-5.984 4 
-6.118 8 
-6.308 8 
-6.503 3 
-6.706 6 

3164 4 
2914 4 
2825 5 
2710 0 
2608 8 
2523 3 
2451 1 
2365 5 
2277 7 
2189 9 
2113 3 
2054 4 
1985 5 

Tablee 6.1. continued, now for luminosity class V. 

SpT T log(I.) ) TTeeff ff 

[K] ] 
R, R, 

[Rn] [Rn] 

M e v o i i 

[M0] ] 
log(M) ) 

[MQYT-[MQYT-11] ] 

Woo o 

[kms-1] ] 
Luminosityy class V: 
03 3 
04 4 
04.5 5 
05 5 
05.5 5 
06 6 
06.5 5 
07 7 
07.5 5 
08 8 
08.5 5 
09 9 
09.5 5 

6.035 5 
5.882 2 
5.805 5 
5.727 7 
5.647 7 
5.567 7 
5.486 6 
5.404 4 
5.320 0 
5.235 5 
5.149 9 
5.061 1 
4.972 2 

51230 0 
48670 0 
47400 0 
46120 0 
44840 0 
43560 0 
42280 0 
41010 0 
39730 0 
38450 0 
37170 0 
35900 0 
34620 0 

13.21 1 
12.27 7 
11.84 4 
11.43 3 
11.03 3 
10.66 6 
10.31 1 
9.97 7 
9.64 4 
9.34 4 
9.05 5 
8.76 6 
8.51 1 

87.6 6 
68.9 9 
62.3 3 
56.6 6 
50.4 4 
45.2 2 
41.0 0 
37.7 7 
34.1 1 
30.8 8 
28.0 0 
25.4 4 
23.3 3 

-5.639 9 
-5.836 6 
-5.941 1 
-6.048 8 
-6.152 2 
-6.307 7 
-6.538 8 
-6.776 6 
-7.015 5 
-7.257 7 
-7.503 3 
-7.754 4 
-8.011 1 

3276 6 
3091 1 
3037 7 
2990 0 
2903 3 
2828 8 
2770 0 
2734 4 
2669 9 
2600 0 
2540 0 
2476 6 
2431 1 
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Figuree 6.1. The adopted mass-loss rate versus spectral type for luminosity classes I, III and V. 

forr log(L») < 5.6; for higher luminosity CGai = 0. Figure 6.1 gives the adopted mass 
losss as a function of spectral type for the three luminosity classes, LC = I, III and V. 
Wee assume the terminal velocity to be proportional to the effective escape velocity, such 
thatt v00=  2.51 i>esc (Lamers et al. 1995). This relation is valid for all O-type stars. The 
velocityy law adopted in ISA-WIND is of /3-type. The acceleration parameter is assumed 
too be j3 = 1. This value is consistent with derived values from the fitting of Ho profiles 
(Puiss et al. 1996). We included a turbulent velocity field, starting with vtUTb=  20 kms"1 at 
thee base of the wind and gradually increasing to 0.05 «;«, in the outer regions. 

6.33 The validity domains of TLUSTY and isA-WIND 

Inn this section, we investigate in which domains of the upper-HRD the two applied codes 
mayy safely be used. We will strongly focus on the applicability of the ISA-WIND code. 
Thee reason for this is that in Zaal et al. (2000), we already showed that in the weak wind 
limitt the hydrostatic code tlusty is valid for late O-type dwarfs and giants as well as for mid 
O-typee dwarfs. We illustrate this by presenting a comparison of the HQ and Bra profiles of 
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thee 09 V star 10 Lac. So, here we will concentrate on stars with substantial stellar winds. 
Thee goal is to derive a simple criterium, which for a given line tells one whether or not 
thee ISA-WIND prediction is valid or not, to within a prespecified accuracy. The crucial 
assumptionn of this code that needs to be tested is that of the Sobolev approximation (SA) 
inn the treatment of line transfer. 
Thee SA is expected to break down in the weak wind limit. Line formation occurs close 
too the stellar photosphere in the subsonic part of the wind. Consequently, the Sobolev 
lengthh I ~ vth/dv/dr will be large and properties relevant for the line are expected 
too change significantly within this length. These properties include the constituents of 
linee opacity and line source function, which are essentially the upper- and lower level 
populationn (ratio) and the velocity gradient. Regarding the latter assumption, Sellmaier et 
al.. (1993) isolated the dv/dr effect and showed that relaxing this one assumption greatly 
improvedd the agreement with exact calculations. To illustrate the break-down of the SA 
inn the weak wind limit, we again use 10 Lac. 
Thee strong wind limit is expected to be the best case scenario for the SA. The lines will 
bee formed over a large part of the stellar wind, i.e. including the regime in which the wind 
iss accelerated. In most of the line formation region the Sobolev length will be small, as 
longg as the terminal flow velocity v  ̂ » vth. The key question is to find a quantitative 
criteriumm that tells one whether or not the SA is applicable. This is the main aim of this 
section.. This criterium may be different for each line, however, we will show that one may 
definee a mean wind density above which the Sobolev approximation is at least reasonable 
forr both Ha, Bra, Pfa, and Hua. 

6.3.11 The weak wind limi t 
Thee 09.5 V model has a mass loss of 10"8 M0yr_1 . This mass loss compares with that 
off r Sco (B0.2V) for which Zaal et al. (1999a) showed that the formation of optical and 
infraredd lines occurs at depths where the flow velocity v < vth, i.e. essentially in the 
photosphericc layers. So, it seems logical to expect that the ISA-WIND calculation con
vergess to that of the hydrostatic non-LTE model result. To check whether this is the case, 
wee compare our wind code results also with plane-parallel calculations using TLUSTY 
(Hubenyy 1988). Both codes use very similar atomic models. Figure 6.2 shows this com
parisonn for Ha and Bra. Also given in the figure are the respective observed profiles of 
100 Lac. 
Thee observed wings of Ha, which originate from relatively deep photospheric layers 
wheree conditions are close to LTE, fit relatively weH to both the ISA-WIND and the 
TLUSTYY model. The line core, which originates in the outer photosphere, is also well 
reproducedd by the static model, but not by the ISA-WIND model. The latter predicts core 
emission.. Two basic reasons for this mismatch in the predicted profiles may be identified. 
First,, they may occur because of differences in model assumptions regarding density and 
temperaturee structure. In ISA-WIND a simplified energy equation is used (grey LTE) as 
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Figuree 6.2. A comparison between the observed Ha and Bra spectra of 10 Lac with synthetic 
spectraa derived using TLUSTY (solid line) and ISA-WIND (dotted line). The Ha spectrum was 
observedd with the Jacobus Kapteyn Telescope (JKT) in December 1995 (from Lex Kaper, private 
communication).. The Bra spectrum was observed with the United Kingdom Infrared Telescope 
(UKIRT)) in July 1994 (from Zaal et al. 1997). Also indicated are the strongest He I ("|") and He II 
("+")) blending lines. 

welll as a somewhat simplified momentum equation (radiation pressure based on electron 
scatteringg only). In TLUSTY one does not make such simplifying assumptions. The treat
mentt of the energy balance, setting the temperature structure, is the more important of the 
two.. Second, the difference may result from the use of the SA in ISA-WIND. Which of 
thee two basic reasons is the main culprit is hard to pin-point (they may both play a role). 
Ass a final note, a comparison of H7, HS and He using similar models by Hubeny et al. 
(1999)) yielded almost comparable results. 

Thee TLUSTY model nicely predicts the Bra emission profile of 10 Lac. ISA-WIND, on 
thee other hand, fails completely predicting the line to be in absorption. The emission 
iss caused by non-LTE effects and is not the result of the classical temperature rise in 
thee outer layers of plane-parallel H&He models (Zaal et al. 1999a). Note that TLUSTY 
predictss He I Is5g-ls4f (at -239 kms"1 from Bra) to be in emission. This is not in 

II I 
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Figur ee 6.3. An overview of the atmospheric structure and of the line and continuum source 
functionss for three lines: Ha, Pf« and Hua. The bottom three panels show respective predicted 
linee profiles. Information about different lines is indicated with different symbols. Data are for 
ann IS A-WIND model atmosphere representative of spectral type 03 and luminosity class I (see 
Tablee 6.1). The top panels show the run of temperature, density, radial velocity and the lower-
andd upperlevel departure coefficient ratio, bt/bu with Rosseland optical depth. Marked are the 
positionss where line core and continuum reach optical depth r = 2/3. The non-LTE line (solid line) 
andd continuum (dashed line) source functions given in the middle three panels are normalized to 
thee continuum source function value at continuum r = 2/3. These panels also show the scaled 
depthh dependence of d2v/dr2 (dotted line). 

accordancee with observations, as this line is not observed in 10 Lac. The problem is most 

likelyy connected to the helium model atom, which does not treat transitions between such 

highh states in sufficient detail. 

Wee conclude that in late O-type dwarfs wind effects are of minor importance, and that 

plane-parallel,, hydrostatic non-LTE models are appropriate to model the infrared lines. 
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6.3.22 The strong wind limi t 

Thee mass loss of the 03 supergiant is 1.6 10"5 A/0yr_1. Such a large rate yields pure 
emissionn profiles for Ha, Bra and Hua. Figure 6.3 shows these profiles, as well as in
formationn on the atmospheric structure and line source function's behaviour. This infor
mationn may be used to make a statement about the validity of the Sobolev approximation 
forr the investigated lines. The SA typically fails (see above) in the subsonic regime of the 
wind.. Non-linear gradients are large in this part of the wind indicated by the behaviour 
off d2v/dr2 in panel (c) showing both velocity and (normalized) velocity derivative. The 
velocityy gradient strongly peaks at height 1.08 R* (logrRoss~ -0 .7 , v ~ 190 kms-1). 
Inn the wind acceleration region, starting somewhat above ~ O.l^oo, the Sobolev length 
willl become small compared to non-linear gradients. Note that at large distances, where 
vv approaches v  ̂ - and therefore I ->• oo in the radial direction - the SA is still a good 
approximationn as large tangential gradients dominate. 
Whetherr or not the lower wind regime dominates in contributing to the line flux is im
portant.. At line wavelengths sufficiently distant from the central wavelength A0, the 
lowerr wind regime will not contribute significantly. Here, sufficiently distant implies 
AAA - (v/c)\0 > (0.1voo/c)Ao. We adopt v = O.luoc as a reasonable value to bracket 
thee wavelengths "sufficiently distant" from those "sufficiently close" to line center. For 
thee latter, the lower wind layers may contribute, but need not. One may distinguish two 
scenarioss in which they do not contribute: (a) the continuum is already formed at v > 
0.11 Doc, or (b) the flux from next to the stellar disk, for which projected velocities may be 
smalll but radial velocities are high, dominates. 

Forr given atmospheric structure, the first scenario is more likely to be relevant for lines at 
largee wavelength because free-free processes may cause the continuum formation layer 
too shift to supersonic velocities. For instance, in the 03 I model the continuum at Hua 
iss formed at a velocity v ~ 265 kms -1. Clearly, the likelyhood of scenario a to occur 
increasess for increasing wind density. For Ho, however, this scenario is not expected to 
bee relevant except perhaps for the dense winds of Wolf-Rayet stars. 
Thee supergiant model investigated shows that about 55% of the total line center flux of 
Haa is formed in front of the stellar surface, whereas this is 40% for Bra and only 26% 
forr Hua (see also Figure 6.4). The contribution to the total equivalent width from line 
velocitiess -0 .1 v  ̂ < v < +0.1 vx for these lines is 40, 30 and 25 percent respectively. 
So,, the impact of errors due to the SA on the total equivalent width will be at most 22, 12 
andd 7 percent respectively. Most probably, they are much smaller as the maximum error 
essentiallyy implies that the SA profile would produce no flux at wavelengths close to line 
centre.. It seems reasonable to divide these maximum errors by (at least) a factor two to 
gett typical errors. 

Wee conclude that winds dominate the line formation in early O supergiants. The use of 
thee SA in modeling these winds provides reliable equivalent widths yielding errors in EW 
off ~ 10 percent in Ha; about 6 % in Bra and - also in view of the continuum forming in 
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thee lower part of the wind - negligible errors in HUQ. 

6.3.33 Errors in equivalent width due to the Sobolev Approximation 
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Figuree 6.4. Percentage of line flux formed in front of the stellar surface for Ho, Bra and Hua. 
Thee three different lines represent luminosity classes: I (thick line), III (intermediate) and V (thin). 
Thee symbolsize scales with the mean wind density as indicated. 

Thee exercise performed above to derive a typical error in the predicted equivalent width 
inducedd when using the SA may be repeated for all stars in the model grid. The result 
mayy be used to define a simple criterion stating for which stars the SA may be applied. 
Figuree 6.4 shows the fraction of flux originating from in front of the stellar disc. The 
generall trend is obviously that this fraction increases with decreasing wind density as the 
linee is formed closer to the star. The profiles of the mid- to late- dwarfs are formed almost 
exclusivelyy in front of the disc, simply stating that these are of photospheric origin. For 
thee supergiants, the ratio EWcore/EW totai is almost independent of spectral type. All 
liness are in emission and the wings extend up to the terminal velocity. Typical errors 
inn EW, as defined above, will be less than 12, 7 and 4 percent for Ha, Bra and Hua, 
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respectively.. For giants, the typical errors are difficult to define as the profiles of these 
liness are mostly of P Cygni type. In the case of early-O III types, errors are about similar 
ass for the supergiants. For dwarfs the profiles calculated with ISA-WIND tend to show 
absorptionn only. As concluded in section 6.3.1, the infrared lines of mid- and late- dwarf 
typess may be reliably modeled with plane-parallel hydrostatic models. 
Too compress the above in a simple criterion, we conclude that the SA is reasonably ac
curatee in predicting line equivalent widths for stars with an average wind density p = 
M/(ATTR^VOO)M/(ATTR^VOO) <; 4 10 -16 g cm~3, which for typical O-star parameters roughly corre
spondss to MZ 3 10 - 6 M@yr_1. 

6.44 The hydrogen infrared lines as a diagnostic of mass 
loss s 

Inn this section ve will study how the equivalent widths of Ha and the three strongest 
infraredd lines depend on mass loss. Based on the limitations of the SA, we only study the 
profiless of the stars with a mean wind density, p > 4 10"16 g cm'3. Figure 6.5 shows 
thee net emission, i.e. the (hypothetical) photospheric line equivalent width minus the total 
equivalentt width, versus spectral type. The photospheric values are from the TLUSTY 
calculationss assuming hydrostatic equilibrium. The net EW includes possible blends of 
heliumm lines that may be present in the hydrogen profile. To extend the grid of models 
too somewhat higher mass-loss rates, we also present results adopting a twice larger M 
(o(o symbols). The standard models are indicated using -A- symbols. 
Thee results show a general increase of EW towards earlier spectral type and luminosity 
class.. This is a result of increasing wind density. The only deviating behaviour of this 
trendd is in the supergiants with doubled mass loss. For these stars, a maximum in EW is 
observedd in Pfc* and HUQ at spectral type 07. Notice, that a flattening seems to occur for 
Braa at about the same spectral type in this same subset. We investigated several possible 
explanationss for this curious behaviour. 
Effectss counteracting the increase in EW when wind density is increased are: 

(a):(a): In a denser wind, the continuum flux may be increased as free-free processes extend 
thee size of the continuum emitting surface. The increased size must dominate over the 
couteractingg effect of a lower continuum source function, BU(T(T ~ 2/3)). If the contin
uumm is formed in the wind, IS A-WIND adopts a constant electron temperature. This yields 
ann increased continuum flux when increasing M. For Pfa and HUQ the continuum flux 
increasess by some 50 percent moving from late- to early-type supergiants with doubled 
masss loss. (We computed test models removing this standard ISA-WIND requirement of 
aa minimum wind temperature. This did not remove the maximum in the equivalent width 
att spectral type 07). 
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Figuree 6.5. The spectral dependence of the equivalent width for Ha and the three strongest 
infraredd lines: Bra, Pfa and Hua. The ISA-WIND EWs using (twice) the mass-loss value as 
givenn in Table 6.1 are indicated by "star" ("square") symbols. The symbol size indicates the 
luminosityy class: I (large), III (intermediate) and V (small). 

(b):(b): An effect connected to the outward shift of the continuum is that part of the line flux 
inn front of the stellar disk may be "shielded" by the continuum. This effect will never 
occurr in a static atmosphere, however, in an outflowing atmosphere the line emission at 
givenn wavelength is tied to a specific place in the atmosphere. Especially for Pfa and 
Huaa the early-type supergiant models with doubled mass loss show that the continuum is 
formedd at several hundreds of krns"1. 

(c):(c): The line source function at spectral types earlier than 07 (again in the supergiants 
withh doubled mass loss) may behave differently from those of later spectral type. Specif
ically,, they should be less in order to explain the maximum in the line strength. Detailed 
investigationn of the relevant source functions showed that such a behaviour does not occur. 
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Thee effect which is most likely responsible for the predicted decrease in EW for super-
giantss with doubled mass loss earlier than spectral type 07 is effect (b). However, we did 
nott (yet) construct a test which could confirm this hypothesis! Finally, we note that we 
carefullyy checked that the outer boundary of the wind model was sufficiently far out that 
thee lines formed completely within this limit. If this would not have been the case for the 
strongestt lines this might have given a spurious result similar to that predicted with help 
off effect (a). 
Wee conclude that the strong mass loss dependence of the investigated lines renders these 
liness unsuited for spectral classification. Essentially, this is because one should realize 
thatt mass loss may vary significantly within a given luminosity class. However, in the 
nextt section we will show that these lines are useful mass loss indicators. 

6.4.11 "Curv e of growth"  method 

Thee strength of the infrared hydrogen lines is essentially a measure of the mass-loss rate. 
Inn this section, we will derive a "curve of growth", such that we may quantify this depen
dence.. Our approach is similar to the one of de Koter et al. (1998) in that we plot the net 
equivalentt width as a function of Q, which is defined as 

M M 
QQ = 03/2T 2 (6-2) 

wheree M is in 10 - 6 M 0yr - 1 , the stellar radius in RQ, Teir in Kelvin and vx in kms -1 . 
Schmutzz et al. (1989) found this parameter (for fixed Teff) to invariant for equivalent 
width.. Puls et al. (1996) used basic physical arguments to derive a theoretical invariant, 
almostt similar to Eq. 6.2, i.e. they found Q ~ fl-3/2Teff

-7/4uocT
5''6 at about 40,000 K. 

Figuree 6.6 shows the EW versus Q relations for Ha, Bra, Pfa and HUQ. The best fit of 
thee data, using a linear regression 

logg EWnet = a + b log Q (6.3) 

iss derived. The relations are derived using only those values log Q > -14 (in case of Ha: 
logQQ > -14.5). For Ha the fit coefficients are a = 15.381 4 and b = . 
Thee dashed line given in the upper left panel of Figure 6.6 is the result of de Koter et al. 
(1998).. The small systematic difference of about 0.1 dex in Q may be caused by the dif
ferentt chemical composition adopted in these two sets of models. Note that de Koter et 
al.. found good agreement (^ 0.1 dex in Q) with co-moving frame calculations of Puis et 
al.. (1996). For the other infrared lines we find fit coefficients: 

aa = 22.885  0.505 and b = 1.536  0.037 for Bra; 
aa = 23.259  0.743 and b = 1.528  0.055 for Pfa; 
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Figuree 6.6. The "curve of growth" for H» and the three strongest infrared lines: Bro, Pfo and 
Hua.. The symbols are similar to Fig. 6.5. The solid lines represent the best fit of the data, using a 
linearr regression. The dashed line is the result of de Koter et al. (1998). 

22.0966  1.076 and b= 1.429  0.079 for Hua. 

Thee fits show that the infrared lines are somewhat more sensitive to mass loss as is Ha. 
Thee errors in the derived fit relations of Pfa and Hua are relatively large compared to the 
Haa result. This is mainly due to the inclusion of the 07-type and earlier supergiants with 
doubledd mass loss (see Sect 6.4). We conclude that save for the extreme winds of the 
early-typee supergiants, the ISA-WIND code predictions may be used to derive the mass 
losss of most giants and supergiants. 
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6.55 Summary 
Wee have predicted the strengths of the important infrared hydrogen lines, Bra (4.05 //m), 
Pfaa (7.46 ^m and Hua (12.4 ^m), in O-type stars. Two approaches have been followed. 
First,, we used non-LTE plane-parallel hydrostatic TLUSTY models. These models yield 
reliablee results for mid- and late-type dwarfs. Using these models excellent agreement 
wass reached for the Bra line of the 09 V star 10 Lac. Due to non-LTE effects, these 
liness are mostly in emission. Second, we used the non-LTE unified photosphere & wind 
codee ISA-WIND to predict the profiles of lines expected to be formed in the outflow. This 
programm employs the Sobolev approximation in the solution of the line transfer problem. 
Wee carefully investigated the validity of the SA in predicting infrared line profiles. We 
foundd that it may be safely applied for supergiant stars, and also for early-0 giants. As 
aa simple criterion, we found the SA to be applicable for average wind densities, p = 
M / ( 4 T T ^ 2 U 0 O )) £ 4 10~16 g cm'3. 

Ourr models are not able to predict correct profiles for early-0 dwarfs, and late- and mid-0 
giantt stars. More detailed calculations, accounting in detail for both the photosphere and 
aa (modest) wind are needed. Specifically, the unified models need to treat the line trans
ferr in the co-moving frame and also should address the radiative equilibrium constraint 
consistently. . 
Wee present "curve of growth" for Bra, Pfa and Hua, expressing the equivalent width 
inn terms of the invariant Q — MjR^^l^v^. With know temperature, luminosity and 
terminall velocity, determined from other infrared diagnostics, this allows for the determir 
nationn of mass loss. This may prove to be an important diagnostic of this parameter for 
massivee stars still embedded in their natal cloud of gas and dust, which are obscured in 
thee UV and optical spectral range because of a large circumstellar extinction. 
Withh the present techniques, the Hua line is the best diagnostic for determining mass loss 
fromm infrared spectroscopy. With present instruments, this line is not observable. How
ever,, this line may be observed with VISIR (Vlt Imaging & Spectroscopy in the InfraRed), 
whichh is to be installed on the Very Large Telescope in 2001. 
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Hoofdstukk 7 

Nederlandsee Samenvatting 
7.11 Introducti e 

iereenn die wel eens de sterrenhemel heeft aanschouwd op een ...ooie heldere nacht 
zall gefascineerd zijn door haar schoonheid. Van oudsher werden de sterren gebruikt ter 
oriëntatiee van plaats en tijd. Voor de Vereenigde Oostindische Compagnie dienden de 
sterrenn als bakens in de nacht ten tijde van de gouden eeuw. 
Tott het begin van de 20ste eeuw werd verondersteld dat de sterrenhemel een vrij statisch 
geheell was, alleen de zon, de planeten en de maan leken zich hier doorheen te bewegen. 
Eenn goede waarnemer zal echter al snel ontdekken dat de sterrenhemel helemaal niet zo 
statischh is, het tegendeel is namelijk waar: zij bruist van leven. De afgelopen eeuw heeft 
dee sterrenkunde een ware revolutie ondergaan en is het duidelijk geworden dat sterren een 
helee levenscircel doorlopen: zij worden geboren, ondergaan een vrij stabiele levensfase 
enn sterven uiteindelijk weer. Alleen omdat de tijdsschaal waarop dit gebeurt heel groot is 
lijktt de sterrenhemel statisch. 
Dee zon is één van de ongeveer 100 miljard sterren in ons melkwegstelsel. Zij heeft een 
massaa van middelmatige grootte. De massa van de andere sterren varieert tussen ongeveer 
0.11 en 100 maal de massa van de zon. De sterren met de grootste massa zijn tevens het 
lichtkrachtigstt en leven het kortst. Om een indicatie te geven wat kort is: massieve sterren 
levenn ongeveer een paar tot tientallen miljoenen jaren, terwijl lichte (minder massieve) 
sterrenn een levensduur hebben in de orde van miljarden jaren. Zo is de verwachte levens
duurr van de zon ongeveer 10 miljard jaar. Hiervan is ongeveer de helft reeds achter de 
rug. . 
Sterrenn hebben elk een eigen kleur die afhankelijk is van de oppervlakte-temperatuur. 
Dee definitie van oppervlakte is heel anders dan wij hier op aarde gewend zijn. Daar een 
sterr een gasbol is (waarbij de dichtheid een continu verloop heeft), is de ligging van dit 
oppervlakk moeilijk te bepalen. In het geval van een gasbol is de oppervlakte gedefinieerd 
alss de diepte waar het licht vandaan komt. Deze laag wordt ook wel de fotosfeer genoemd. 
Dee zon heeft een oppervlakte-temperatuur van 6000 K en is geel van kleur. Voor sterren 
mett een hogere oppervlakte-temperatuur, zeg 20000 K is de ster blauw van kleur, terwijl 
zee rood is voor een ster met een oppervlakte-temperatuur van 3000 K. 
Dee oppervlakte-temperatuur van een ster hangt af van zijn massa en leeftijd. Zo zal een 
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massievee ster als zij ouder wordt expanderen. Als gevolg daarvan gaat de oppervlakte-
temperatuurr omlaag en zal haar kleur veranderen van blauw naar rood. De reden waarom 
eenn ster expandeert is de verandering in de energie-opwekkingsprocessen in het binnenste 
vann een ster. Ook de zon zal op haar oude dag expanderen (tot ver voorbij de baan van de 
aarde)) en roder worden. Gelukkig laat dat nog geruime tijd op zich wachten. 

Dee hedendaagse sterrenkunde maakt gebruik van verschillende methodes om de eigen
schappenn van de sterren te bestuderen. Ik bespreek hier kort drie van deze methoden: 
imaging,, fotometrieen spectroscopie. Imaging wil zeggen dat men gebruik maakt van een 
telescoopp om een plaatje van een bepaald object te maken. Een scherp plaatje verschaft 
bijvoorbeeldd informatie over de ruimtelijke structuur van het object. Zo kunnen zowel 
jongee als oude sterren omringd zijn door een afgeplatte schijf gas. De eigenschappen 
kunnenn op deze manier in kaart kunnen worden gebracht. Voor een paar nabije superreu
zenn (zeer grote sterren) is het zelfs mogelijk om met behulp van imaging de afmetingen 
vann de sterschijf bepalen. 
Inn het overgrote deel van de gevallen is imaging niet mogelijk en ziet men de ster als 
eenn puntbron. Waarnemingen concentreren zich in dit geval op het bestuderen van de 
verdelingg van het uitgezonden licht over de verschillende kleuren, of specifieker, over 
golflengte.. Zoals genoemd, geeft dit o.a. informatie over de temperatuur van het stra
lendee gas. Per definitie omvat het optische spectrum dat deel van het licht waarvoor ons 
oogg gevoelig is. Ultraviolet (of kortgolvig) en infrarood (of langgolvig) licht kan ons oog 
niett waarnemen. Omdat de atmosfeer van de aarde niet transparant is in het ultraviolet 
enn ook niet in het infrarood (op enkele spectrale venster na), is het waarnemen van deze 
soortenn licht pas mogelijk geworden met de opkomst van de ruimtevaart. Pas sinds enkele 
tientallenn jaren is het mogelijk om met satellieten waarnemingen te doen vanuit de ruimte 
omm zo de "hinderlijke" absorberende eigenschappen van de atmosfeer te omzeilen. Bij 
dee fotometrie wordt de hoeveelheid licht, die een maat is voor de hoeveelheid energie, 
gemetenn in een aantal filters die een relatief breed golflengte gebied doorlaten. De foto
metriee heeft tot doel een globaal inzicht te krijgen in de verdeling van het licht over het 
spectrum.. In de spectroscopie analyseert men het licht zo nauwkeurig mogelijk. Het doel 
iss de hoeveelheid licht te meten die een ster uitzendt in specifieke, extreem scherpe golf
lengtee bandjes die corresponderen met specifieke energie-overgangen van de in het gas 
aanwezigee elementen. Voor elk element is de set golflengtes van deze overgangen, die 
spectraallijnenn genoemd worden, uniek. Daar de toestanden waarin de elementen kunnen 
verkerenn een functie is van de temperatuur en de dichtheid van het gas, vormen de spec
traallijnenn een middel om deze temperatuur en dichtheid te achterhalen. 

Inn dit proefschrift bestudeer ik massieve sterren (i.e sterren met een massa van zo'n 10 
tott 30 keer de massa van de zon) in hun stabiele levensfase. In deze fase vindt energie
opwekkingg plaats in het stercentrum door fusie van waterstof tot helium. Omdat zulke 
sterrenn over het algemeen geen duidelijk uitgebreide structuur hebben, bestudeer ik ze 
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doorr middel van spectroscopie, en wel in het optische en infrarode deel van het spectrum. 
Hett bestuderen van het infrarode licht is dus relatief nieuw. Wat maakt het zo interessant 
omm massieve sterren in het infrarood te bekijken: 

•• Infrarood licht wordt relatief weinig geabsorbeerd door het interstellaire medium. 
Opp de lange weg van het steroppervlak naar de aarde kan licht geabsorbeerd of 
verstrooidd worden door interstellaire stofdeeltjes1. Deze verzwakking van het licht 
iss al gauw zo'n 100 keer groter in het optisch dan in het infrarood. Met andere 
woorden:: sterren gelegen achter stofwolken zijn vaak onzichtbaar in het optisch, 
maarr kunnen nog wel in het infrarood bestudeerd worden. Ik noem twee specifieke 
voorbeelden:: rond massieve sterren bevinden zich vaak nog restanten van de wolk 
vann gas en stof waaruit de ster is ontstaan. Het infrarood biedt de unieke kans om 
dezee sterren al te bestuderen terwijl ze nog omgeven zijn door dit materiaal. Een 
anderr belangrijk voorbeeld is de bestudering van massieve sterren in het galactisch 
centrum.. Het centrum van ons Melkwegstelsel ligt achter een aantal spiraalarmen 
diee rijk zijn aan gas en stof. Willen we massieve sterren onderzoeken die gevormd 
wordenn in de extreme omstandigheden van het galactisch centrum dan kan dit alleen 
mett infrarood licht. 

•• De eigenschappen van circumstellair gas kunnen zeer goed worden bestudeerd in 
hett infrarood. Dit komt omdat waterstof, veruit het meest abundante element, zeer 
veell spectraallijnen in dit golflengtegebied heeft. Bovendien zijn deze lijnen vaak 
sterkk geprononceerd dankzij de omstandigheden die heersen in het circumstellaire 
gas.. De eigenschappen die m.b.v. deze lijnen kunnen worden achterhaald zijn de 
temperatuur,, dichtheid, snelheid en ruimtelijke verdeling van het gas. Bepaalde 
massievee sterren, e.g. Be sterren, hebben zulk circumstellair gas, vaak in een afge
plattee roterende schijf. 

•• De spectraallijnen in het infrarood die door de ster zelf gevormd worden, komen 
veelall uit een ander gebied van de steratmosfeer dan de optische lijnen: de oor
sprongg van de optische lijnen ligt dieper dan die van de infraroodlijnen. Door waar
nemingenn in het optische en infrarood te combineren, kan men dan ook een idee 
krijgenn hoe bepaalde eigenschappen door de atmosfeer heen veranderen. 

•• Als circumstellair stof aanwezig is, straalt dit in het infrarood. Dit komt omdat stof 
zichzich pas kan vormen bij temperaturen beneden de ~ 1000 K. Bij zulke lage waarden 
piektt de intensiteit van de uitgezonden straling in het infrarood. Feitelijk hebben 
allee massieve sterren vroeg of laat in hun leven stof rond zich hangen. 

Dee hierboven genoemde redenen suggereren dat er wellicht geen enkele ambiguïteit be
staatt in de oorsprong van de waargenomen spectraallijnen in het infrarood. Dit is echter 

'Mett "stofdeeltjes" bedoelen we vaste deeltjes met een typische grootte van een micron. 
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niett altijd duidelijk. Zo is in het geval van r Sco, de ster die het meest bestudeerd is in dit 
proefschrift,, lange tijd onduidelijk geweest of de waterstof lijnemissie veroorzaakt wordt 
doorr gas in een circumstellaire schijf of dat de lijnstraling afkomstig is uit de atmosfeer 
vann de ster. In hoofdstuk 4 van dit proefschrift laat ik zien dat dit laatste het geval is. 
Inn de volgende sectie zal ik uitleggen hoe men spectra verkrijgt. In Sectie 3 zal ik globaal 
omschrijvenn hoe men met behulp van computermodellen de waargenomen spectra kan 
interpreteren.. Sectie 4 presenteert kort de in dit proefschrift verkregen resultaten. 

7.22 Infraroo d waarnemingen van massieve sterren 

Hett waarnemer, van het infrarode spectraalgebied is pas recentelijk op gang gekomen. 
Aann het eind van de jaren zestig was de techniek zo ver dat kwantitatieve fotometrie in 
hett infrarood mogelijk werd. Waarnemingen vanaf de aarde in het infrarood zijn beperkt 
tott een aantal (aard)atmosferische "vensters" waar de atmosfeer bijna geheel doorschij
nendd is. Het blokkeren van het infrarode licht buiten deze vensters wordt voornamelijk 
veroorzaaktt door de absorptie van het infrarode licht in de aardatmosfeer door water
enn kooldioxide-moleculen. Daar de electronen in deze moleculen zich tussen zeer veel 
verschillendee energietoestanden kunnen bewegen, is er als het ware een gigantisch bos 
aann absorptielijnen in het infrarood. De gaten in het bos noemen we de vensters of ook 
well transmissiebanden. Voorde volledigheid, in het radiovenster wordt de aardatmosfeer 
weerr geheel transparant. 

Fotometrischee waarnemingen in de jaren zeventig toonden aan dat sommige massieve 
sterrenn helderder in het infrarood waren dan men had verwacht op grond van hun ul
traviolett en optisch spectrum. Dit "extra" licht bleek afkomstig te zijn van het koelere 
circumstellairee stof wat gevormd was uit materiaal dat in een eerdere periode van ver
hoogdd massaverlies door de ster was afgestoten. Dit koelere materiaal (102-103 K) straalt 
hett meest van z'n energie uit in het infrarood en is onzichtbaar in het optisch. In diezelfde 
periodee werden ook geheel nieuwe infrarood objecten gevonden die in het optisch zeer 
zwakk ofwel onzichtbaar zijn. Zulke objecten blijken wijdverspreid aan de hemel aanwe
zigg te zijn en worden gevormd in zowel de vroege als de late fase van sterevolutie. In de 
vroege,, proto-stellaire fase zijn de sterren nog geheel of gedeeltelijk gehuld in het stof en 
gass waaruit ze worden gevormd; in de late, superreuzen fase zijn ze omgeven door mate
riaalriaal dat door henzelf is uitgestoten. Dit circumstellaire materiaal kan zo'n hoge dichtheid 
hebbenn dat de optische heldere ster geheel onzichtbaar is. 
Inn de jaren tachtig en negentig ontwikkelde de infrarood sterrenkunde zich verder tot een 
hoogwaardigee tak van de sterrenkunde. Om de hinderlijke effecten van de aardatmosfeer 
tee omzeilen verrichte men voor het eerst waarnemingen vanuit een raket, met het Air 
ForceForce Geophysics Laboratory (vanaf 1970); vanuit de lucht, met het Kuiper Airborne 
LaboratoryLaboratory (vanaf 1977); en vanuit de ruimte, met de InfraRed Astronomical Satellite 
(1983).. Met deze instrumenten werd bijna de gehele sterrenhemel in het infrarood in 



7.37.3 Het modelleren van ster spectra 139 9 

kaartt gebracht. 
Dee spectroscopie heeft in de afgelopen 15 jaar een enorme vlucht genomen mede dank
zijj de United Kingdom InfraRed Telescope (UKIRT) op de 4000 meter hoge top van de 
bergg Mauna Kea in Hawaii en de Anglo Australian Telescope in Australië. Een zeer spe
cialee plaats neemt hier de Infrared Space Observatory (ISO) in van het European Space 
Agency.. Deze ruimte-telescoop, gelanceerd in november 1995, heeft zo'n 30 maanden 
langg gedetailleerde spectra genomen in het golflengtegebied tussen ~ 2.5 en 240 micron, 
enn heeft hiermee een enorme stap vooruit gezet in de infrarood sterrenkunde. In dit proef
schriftt analyseer ik met name waarnemingen die gedaan zijn met UKIRT en ISO. 

7.33 Het modelleren van ster  spectra 

Dee kwantitatieve interpretatie van infrarood spectra vereist twee dingen. Ten eerste goed 
gekalibreerdee waarnemingen en ten tweede een theoretisch model dat met deze waar
nemingenn vergeleken kan worden. Zo'n model is opgebouwd uit wiskundige formu
less waarin alle relevante natuurwetten liggen opgeslagen. Om een indruk te geven hoe 
omvangrijkk de in dit proefschrift gebruikte modellen zijn: om de atmosfeer van een 
"eenvoudig"" type ster te beschrijven is een computerprogramma nodig dat zo'n kleine 
10000 A4-tjes aan code beslaat. 
Dee benodigde fysische aannames van het model hangen af van de soort sterren die men wil 
bestuderen.. Op het gebied van steratmosferen en spectroscopie hebben de belangrijkste 
overwegingenoverwegingen te maken met: (i) de geometrie van de ster, (ii)  de snelheidsvelden, en (Ui) 
dee wisselwerking tussen gas en straling. 
Dee sterren die bestudeerd zijn in dit proefschrift zijn zogenaamde normale O- en B-type 
dwergenn en reuzen. De O-type sterren zijn zowel het meest lichtkrachtigst als het meest 
massief.. De lichtkracht van deze sterren begint bij ongeveer 100.000 maal de lichtsterkte 
vann de zon, terwijl de massa van deze sterren begint bij ongeveer 30 zonsmassa's. De 
B-typee sterren hebben een lichtsterkte vanaf 100 maal de lichtkracht van de zon en een 
massaa vanaf ongeveer 3 zonsmassa's. O-type sterren worden tevens gekenmerkt door een 
krachtigee sterwind. In deze sterwind wordt er in een min of meer radièle richting mate
riaalriaal van het steroppervlak weggeblazen. Binnen enkele sterstralen wordt het van sterk 
sub-sonischh versnelt naar sterk super-sonisch. Normale B-sterren hebben ook een ster
wind,, maar deze is meestal zo zwak dat de lijnen in het infrarode deel van het spectrum er 
niett door worden beïnvloed. Dit alles betekent dat men voor O-type sterren een model met 
eenn sferische geometrie moet kiezen. Op die manier kan het materiaal in de sterwind wor
denn gemodelleerd. Ook wordt rekening gehouden met de uitstroming van de atmosfeer. 
Voorr de B-type sterren kan men veelal de atmosfeer als een statisch medium beschrijven 
inn een geometrie van vlakke lagen. De wisselwerking tussen gas en straling kan grofweg 
opp twee verschillende manieren worden beschreven. De meest eenvoudige aanname heet 
Lokaall Thermodynamisch Equilibrium (LTE), de meer gecompliceerde aanname wordt 
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Niett Lokaal Thermodynamisch Equilibrium (non-LTE) genoemd. In LTE veronderstelt 
menn dat het materiële medium op elk punt in de atmosfeer (dus: lokaal) in evenwicht is 
mett het stralingsveld. De bezetting van de mogelijke energietoestanden van de elementen 
wordtt in dit geval volledig beschreven door slechts twee grootheden, te weten de tem
peratuurr en de dichtheid. In non-LTE wordt dit evenwicht losgelaten en dient men een 
statistischee beschrijving te geven van de bezettingsgraden van de mogelijke energietoe
standen.. Dit laatste is zeer complex, maar blijkt veelal nodig om een realistisch beeld te 
gevenn van de atmosferen van O en B-type sterren. 

Welkk model gebruikt moet worden,lijkt uit het bovenstaande wellicht eenduidig te zijn. 
Echter,, er bestaat een relatief groot grijs gebied waarin niet apriori duidelijk is of men 
magg volstaan met een relatief eenvoudige beschrijving, of dat men moet uitgaan van de 
meerr complexe formulering. De ligging van dit grijze gebied is bovendien afhankelijk 
vann dat gedeelte van het spectrum wat men bestudeert. Voor het infrarode gebied is deze 
grenss niet goed bekend. In hoofdstukken 4, 5 en 6 probeer ik dit gebied voor het eerst 
duidelijkk af te bakenen. 
Alss duidelijk is welke sterren op welke manier gemodelleerd moeten worden, dan moet 
menn vervolgens bepalen welke globale ster-eigenschappen (zoals bijvoorbeeld tempera
tuur)) men betrouwbaar kan afleiden uit enkel het infrarode deel van het spectrum. In de 
praktijkk vereist dit een ijking tussen de uit het optisch en ultraviolet afgeleide eigenschap
penn en de verkregen resultaten uit het infrarood. Dit wordt voor een subset van de O- en 
B-typee sterren gedaan in hoofdstuk 5, en leidt tot een gedetailleerde classificatie van de 
sterrenn gebaseerd op de spectrale eigenschappen van infraroodlijnen. Deze classificatie is 
vann groot belang voor de studie van massieve sterren in gebieden waaruit het ultraviolet 
enn optisch licht niet kunnen ontsnappen. 

7.44 Resultaten 

Inn deze laatste sectie zal ik tot slot een korte samenvatting geven van de belangrijkste 
verkregenn resultaten in dit proefschrift. 
Hoofdstukk één, het inleidende hoofdstuk, geeft een algemene introductie. Hierin wordt 
hett onderzoek in een bredere context geplaatst. Tijdens het lezen van dit hoofdstuk maken 
wee kennis met verschillende sub-klassen van O- en B-type sterren: "normale" O- en B-
typee sterren; O- en B-type superreuzen, en zogenaamde Be sterren. Men name de eerste 
enn laatste van deze klassen worden in dit proefschrift bestudeerd. 
Inn het tweede hoofdstuk worden de Be sterren bestudeerd. Wat deze sterren kenmerkt is 
datt minstens één van de optische Balmer lijnen2 in emissie is, of zijn geweest. De alge
menee consensus is dat deze lijnemissie wordt veroorzaakt door gas in een platte equato
rialeriale schijf rond de ster. De sterkte van de Ho lijn neemt toe met de hoeveelheid circum-

22 De Balmer lijnen, ook wel de Balmer serie genoemd, zijn alle waterstoflij nen met grondniveau twee. 
Dee sterkste en meest bestudeerde lijn uit deze serie is de HQ lijn bij 656.5 nanometer. 
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stellairr gas. Ik laat zien dat de waterstoflijnen in het infrarood veel gevoeliger zijn voor 
dee aanwezigheid van dit gas. Dit betekent dat als er slechts een "ijle" equatoriale schijf 
ronddee ster hangt, deze mogelijk wel gezien zou kunnen worden in het infrarood, terwijl 
zee onzichtbaar is in het optisch. Hiermee toon ik het bestaan aan van een nieuwe klasse 
Bee sterren, met schijven waarvan de gemiddelde dichtheid ongeveer honderd keer lager 
iss dan bij klassieke Be sterren, en die enkel zichtbaar zijn in het infrarood. 
Dee ster r Sco, een zeer heldere ster met een massa van ongeveer 25 maal die van de 
zon,, laat precies het bovengenoemde gedrag van waterstoflijnen zien: Ho is in absorptie, 
terwijll de infraroodlijnen in emissie zijn. Het zou dus een ster kunnen zijn met een "ijle" 
circumstellairee schijf. 
Inn hoofdstuk 3 onderzoek ik het gedrag van de infraroodlijnen van een groot aantal sterren 
aann de hand van UKIRT waarnemingen. Ik laat zien dat er een duidelijke trend is tussen de 
sterktee van de lijn en de lichtkracht van de ster: de meest lichtkrachtige sterren vertonen 
veelall waterstof lijnemissie, terwijl in de minder heldere sterren de lijnen in absorptie zijn. 
Ditt duidt erop dat deze lijnen mogelijk toch in de steratmosfeer worden gevormd, daar 
menn niet verwacht dat de aanwezigheid van een schijf gecorreleerd is aan de lichtkracht. 
Dezee hypothese geldt niet voor alle waargenomen sterren. Een aantal snelroterende ster
renn vertonen dubbel-gepiekte lijnemissie. Dit wordt gezien als een duidelijk bewijs voor 
dee aanwezigheid van een schijf, daar men verwacht dat snelroterende sterren veel gemak
kelijkerr een circumstellaire schijf vormen. 
Inn Hoofdstuk 4 presenteer ik een detailstudie van r Sco. Hierin worden UKIRT en ISO 
waarnemingenn met gedetailleerde model-berekeningen gecombineerd opdat een éénduidig 
antwoordd kan worden gegeven op de vraag waar nu de infrarode emissielijnen van deze 
sterr worden gevormd: in de atmosfeer van de ster, of in een circumstellaire schijf. De 
berekeningenn laten zien dat, mits men rekening houdt met, de zogenaamde, niet-lokaal 
thermodynamischthermodynamisch evenwicht, de lijnen gewoon gevormd kunnen worden in de atmosfeer, 
rr Sco blijkt echter wel een buitenbeentje te zijn in vergelijking met andere sterren met 
ongeveerr dezelfde lichtkracht en temperatuur. De atmosfeer is namelijk zeer turbulent. De 
infraroodlijnenn laten zien dat de mate van turbulentie zelfs toeneemt als men naar buiten 
beweegtt in de atmosfeer. Het mechanisme dat deze turbulente bewegingen veroorzaakt is 
nogg onbegrepen. 
Inn hoofdstuk 5 onderzoek ik in hoeverre men globale eigenschappen van B-type sterren 
kann afleiden uit enkel het infrarode spectrum, waarbij ik me voornamelijk concentreer op 
dee effectieve temperatuur, één van de belangrijkste ster-parameters. Voor een set van 16 
sterrenn (in spectraaltype variërend van 09 to B3), waarvan we de effectieve temperatuur 
kennenn uit analyses gebaseerd op het optische licht, probeer ik deze waarde te voorspel
lenn uit een vergelijking van het infrarode spectrum met modellen. Het blijkt dat twee 
waterstoflijnenn in het infrarood, te weten Bra en Pfa, hiervoor zeer geschikt zijn. Dit 
betekentt dat deze lijnen een methode verschaffen om de effectieve temperatuur van een 
sterr te bepalen waarvan het optische spectrum (door absorptie van dit licht door stof) niet 
waarneembaarr is. Dit is een belangrijk resultaat. 
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Inn het laatste hoofdstuk zet ik een eerste stap in het toepassen van deze methode - uit 
infraroodlijnenn de ster-parameters bepalen - op de heldere, hetere, en meer massieve O-
typee sterren. De vragen waarop ik me concentreer zijn welke fysica het model moet 
behandelenn om realistische lijnprofielen van b.v. Bra en Pfa te genereren, en welke ster
parameterss je m.b.v. het infrarood voor de O-type sterren kunt voorspellen. Ik laat zien 
datt het door mij gebruikte model in staat is het massaverlies van de meest extreme O-type 
sterrenn te voorspellen. Echter het model is nog niet geavanceerd genoeg om de effectieve 
temperatuurr te bepalen. Er blijft dus nog werk voor de toekomst. 
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Nawoord d 

Naa een periode van vijfjaar is het dan zover: mijn proefschrift is af. Met het eindresultaat 
(ditt mooie boekje) ben ik zeer tevreden. De voltooiing hiervan is mede te danken aan 
Alexx de Koter en Rens Waters. Rens hielp mij goed op weg in de begin-periode van mijn 
promotie.. Rens, ik heb veel van je geleerd en vond het prettig om met je samen te werken. 
Mett mijn activiteiten buiten de sterrenkunde heb ik je geduld vaak op de proef gesteld. 
Hett is dan ook een geluk dat m'n promotie-periode niet vijf maar "slechts" drie goede 
ijswinterss telde. 
Inn de eerste jaren moest ik vaak naar het buitenland om waarnemingen te doen: drie keer 
naarr 'Mauna Kea' (Hawaï), één keer naar 'La Silla' (Chili) en één keer naar 'De Caldera' 
(Laa Palma). Het waarnemen op deze zeer afgelegen hoge bergen op aarde vond ik erg 
mooii en avontuurlijk. Tijdens deze reizen kwam ik ook in aanraking met verschillende 
culturen.. Zo raakte ik op Hawaï in de ban van de 'Slack-Key' gitaar en leerde ik op La 
Palmaa de "maftana" leefstijl kennen. 
Dee laatste twee jaar heeft Alex mij veel geholpen en geleerd, zoals het analytisch aanpak
kenn van probleemstellingen en het scherp wetenschappelijk formuleren van resultaten. 
Alex,, bedankt! Ook wil ik de hele ISO-groep, Liesbeth de bibtiothecaresse en natuurlijk 
Martinn de systeembeheerder, bedanken voor hun hulp in de afgelopen vijfjaar. 
Hett verwerken en analyseren van alle waarnemingen binnen een kort tijdsbestek, zorgde 
ervoorr dat de laatste twee jaar van mijn promotie wat zwaarder waren. In deze fase van 
mijnn promotie zat ik veel achter de computer. Dit werk is lichamelijk zeer passief en 
ervaardee ik als niet gemakkelijk. Door de goede sfeer op de faculteit heb ik ook veel 
plezierr gehad op de werkvloer. Hiervoor will ik iedereen bedanken, in het bijzonder: Peter 
S-,, Sacha, Ciska, Orly, Frank, Nicole, Martin, Paul, JdJ, Jasinta & Pratiwi, Jeroen, Erica 
enn co. (tussen de bevallingen door) en Jane. Met mijn kamergenoot Jeroen kon ik het 
goedd vinden. Gezien zijn vorderingen op het gebied van 'Aikido' ben ik wel blij dat mijn 
promotietijdd er op zit. Bij deze wens ik z'n toekomstige kamergeno(o)t(e) sterkte toe. 
Zoalss het er nu voor staat zeg ik waarschijnlijk de sterrenkunde vaarwel. Mijn sterke 
bandd met het noorden van het land en m'n "liefde" voor de computer maken de kans 
kleinn dat ik binnen sterrenkunde verder zal gaan. Daarom bedank ik al m'n pannekoek-
vriende(i)n(nen)) voor de gezelligheid en wens ik jullie veel geluk in de toekomst. Als 
julliee nog eens willen uitwaaien in het hoge noorden zijn jullie altijd welkom! 













Stellingen n 
behorendee bij het proefschrift 

"Observations"Observations and Analysis of Early-type Stars at Infrared Wavelengths " 
doorr Peter A. Zaal 

1.. De waterstof lij no vergangen in het infrarood zijn beter geschikt voor het 
detecterenn van equatoriale schijven rondom B sterren dan die in het op
tisch.. (Dit proefschrift, Hoofdstuk 2) 

2.. De sterke Bra en Pfa lijnemissie in de ster r Sco (BOV) wordt veroorzaakt 
doorr het sterke niet Lokaal Thermodynamisch Evenwicht (non-LTE) karak
terr van deze lijnen in combinatie met de aanwezigheid van hoge turbulente 
snelhedenn in de atmosferische lagen waar deze lijnen gevormd worden, en 
niett door de aanwezigheid van circumstellair materiaal. (Dit proefschrift, 
Hoofdstukk 4) 

3.. Daar het belang van gestimuleerde emissie toeneemt met de golflengte, 
wordenn voor OB sterren de lijnovergangen in het infrarood zeer gevoelig 
voorr non-LTE effecten. (Dit proefschrift, Hoofdstuk 4) 

4.. In het geval van vroeg B-type hoofdreeks-sterren kunnen de Bra en Pfa 
lijnenn goed gebruikt worden voor spectrale classificatie en tevens voor het 
bepalenn van de atmosferische structuur. (Dit proefschrift, Hoofdstuk 5) 

5.. Reeds voor O-type sterren met slechts een bescheiden massaverlies (^ 
10 - 88 zonsmassa's per jaar) vereist het fitten van infrarood lijnen aan model
berekeningenn voor uitstromende atmosferen, dat de sterwind in de co-
movingmoving frame methode en niet in de Sobolev benadering moet worden 
gemodelleerd.. (Dit proefschrift, Hoofdstuk 6) 

6.. De wetenschappelijke interpretatie van de Short Wavelength Spectrometer 
(ISO-SS WS) gegevens draagt bij tot een betere calibratie van het instrument. 

7.. De introductie van het bursalensysteem (anno 1995) heeft geleid tot een 
degradatiee van de rechtspositie van de promovendus. 

8.. Het feit dat, op het gebied van milieubelangen, de mate van geluidsover
lastt het enige criterium is voor de eventuele uitbreiding van Schiphol, re
flecteertflecteert de politieke onwil om het milieuprobleem serieus te nemen. 



9.. Door de huidige groei en omvang van het autoverkeer verwordt de auto 
vann een product waarvan men veelal gemak heeft, tot een product waarvan 
menn veelal hinder ondervindt. 

10.. De mens is een product van miljarden jaren evolutie. 

11.. Het adrenalinegehalte in het bloed van een schaatser is omgekeerd evenredig 
mett de dikte van het ijs. 
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