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CHAPTERR 4 

Modellingg the near-infrared lines of 
O-typee stars 

Lenorzer,Lenorzer, A., Mokiem, M.R., de Koter, A. k Waters, L.B.F.M. 

toto be submitted to ASzA 

Abstract t 

Wee use a grid of 30 line-blanketed unified stellar photosphere and wind models 
forr O-type stars; computed with the code CMFGEN in order to evaluate its potential in 
thee near-infrared spectral domain. The grid includes dwarfs, giants and supergiants. 
Wee analyse the equivalent width behaviour of the 20 strongest lines of hydrogen and 
heliumm in spectral windows that can be observed using ground-based instrumentation 
andd compare the results with observations. Our main findings are that: i) Hei/Heii 
linee ratios in the J, H and K bands correlate well with the optical ratio employed in 
spectrall  classification, and can therefore be used to determine the spectral type; ii) 
inn supergiant stars the transition from the stellar photosphere to the wind follows 
aa shallower density gradient than the standard approach followed in our models, 
whichh can be mimicked by adopting a lower gravity in our prescription of the density 
stratification,, in) the wind clumping is distance dependent, such that Br7 suffers 
muchh more from inhomogeneities than does Bra; and iv) the Bra line is an excellent 
mass-losss indicator. For the first and last item we provide quantitative calibrations. 
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44 Modelling the near-infrared lines of O-type stars 

4.11 Introductio n 

AA large fraction of the galactic population of massive stars lies hidden behind 
tenss of magnitudes of visual extinction. The reason for this is that massive 
starss are so rare that their typical distances are a sizable fraction of the 
galacticc scale and they are concentrated in the galactic disk. Therefore, they 
sufferr from obscuration by intervening molecular gas and dust clouds in the 
line-of-sight. . 

Moreover,, due to the short lifetimes of high-mass stars, they are located 
inn star forming environments. As they typically form in the densest parts 
off  these giant molecular clouds, they spend a significant fraction of their life 
embeddedd in this natal environment, before either moving out or breaking 
out. . 

Overr the last decade several tens of massive stars were discovered in 
thee near-infrared spectral window, where extinction by intervening dust is 
stronglyy reduced compared to the optical and ultraviolet (Hanson et al. 2002, 
Kaperr et al. 2002, Kendall et al. 2003). Studying the physical properties of 
thesee stars from their near-infrared radiation alone is essential (for instance 
inn relation to their formation mechanism), but not an easy task. The J, H, 
K,, and L spectral windows contain relatively few lines, mostly of hydrogen 
andd helium. These lines are difficult to model as, for O-type stars, most near-
infraredd lines are formed in the transition region from the stellar photosphere 
(wheree the optical absorption spectrum originates) to the super-sonic stellar 
windd (see e.g. Kudritzki & Puis 2000). This makes a treatment of the stellar 
windd an integral aspect of quantitative spectroscopic studies of O-type stars 
inn the near-infrared, perhaps excluding late-type O V stars of which the stel-
larr winds are relatively weak (M < 10- 7 M 0yr _ 1) . A fundamental problem 
iss that so far we have only a poor knowledge of the way in which the density 
structuree in the transition region and lower part of the wind (up to a few 
timess the sonic velocity) behaves. Though the basic driving mechanism of 
stellarr winds has been identified (e.g. Castor, Abbott, & Klein 1975, Abbott 
1982,, Kudritzki et al. 1989) a fully self-consistent numerical implementation 
off  the radiation pressure effects on spectral lines responsible for initiating and 
acceleratingg the outflow is, at present, not feasible. Moreover, the inevitable 
assumptionss made in describing this theory are anticipated to have severe 
effectss on the physics of the transition region. 

Onee may identify two essentially complementary approaches for making 
progresss in the development of near-infrared diagnostics allowing for a char-
acterisationn of the basic stellar and wind properties of O-type stars, as well 
ass in gaining a better understanding of the physics of the transition region. 
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4.24.2 The grid of models 

Thee first is to establish the near-infrared spectroscopic characteristics of O 
starss with known properties from studies at other wavelengths. One may 
thenn try to correlate the behaviour of these lines with their basic properties 
andd see if one can retrieve the same information. This requires high-quality 
near-infraredd spectra of a large sample of MK standard stars. So far, a good 
coveragee is available only for the 2.0-2.2 fj,m range (see Hanson et al. 1996). 
Thee second approach is to model the near-infrared lines using state of the 
artt techniques, and then to study the dependence between spectral and basic 
properties. . 

Soo far modelling of the near-infrared spectral region has been done for 
extremee early-type stars, ie. Luminous Blue Variables (Najarro et al. 1997), 
Of/WNN stars (Crowther et al. 1995) and galactic centre objects (Najarro et 
al.. 1994). This study aims at an improved treatment of normal O stars. We 
usee sophisticated models that include a detailed treatment of stellar winds 
andd that properly describe the spectrum, and study their predictions for the 
near-infraredd regime. We investigate to what extent the near-infrared lines 
cann be used to determine the spectral type, luminosity class, and mass loss 
off  O-type stars. We focus on lines that are observable using ground-based 
instrumentation.. In Sect. 4.2 we introduce our grid of models. We present 
predictedd equivalent width measurements of near-infrared lines and discuss 
theirr dependence on model parameters in Sect. 4.3. We compare the models 
withh observations gathered from the literature in Sect. 4.4. In Sect. 4.5, we 
presentt near-infrared spectral classification schemes for O-type stars and a 
meanss to determine wind properties. We end with conclusions. 

4.22 The gri d of model s 

Forr this study we employ a grid of unified stellar photosphere and wind models 
forr O-type stars of luminosity class V, II I and la. This grid was constructed 
usingg the CMFGEN program of Hillier & Miller (1998), to which we refer for a 
fulll  description. In short: CMFGEN solves the equations of radiative transfer 
subjectt to the constraints of statistical en radiative equilibrium, for an atmo-
spheree with an outflowing stellar wind. The ions included in the non-LTE 
calculationss are Hi , Hel-Ii, CI I I - IV , Nin-v, Om-vi, Siiv and Felll-vil , ac-
countingg for a total of approximately 20000 bound-bound transitions. These 
reflectt some 30 000 lines and ensure a self consistent treatment of line blan-
keting,, i.e. the cumulative effect of the spectral lines, especially iron, on the 
stellarr atmosphere. 

Thee grid consists of 30 models ranging in effective temperature, Teff, from 
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44 Modelling the near-infrared lines of O-type stars 

Tablee 4.1: Stellar and wind parameters of our model grid. For supergiants, 
wee list log g values derived for both the spectroscopic and evolutionary 
mass.. Adopted abundances by mass fraction are from Cox (2000): H = 0.723, 
Hee = 0.2820, and, in units of 10"3, C = 3.050, N = 1.100, O = 9.540, Si = 0.699, 
Fe== 1.360. 

Luminosityy class V 
Aodel Aodel 

I V V 
2V V 
3V V 
4V V 
5V V 
6V V 
7V V 
8V V 
9V V 
10V V 

Teff f 

(K) ) 
48670 0 
46120 0 
43560 0 
41010 0 
38450 0 
35900 0 
33340 0 
32060 0 
30850 0 
28300 0 

68.9 9 
56.6 6 
45.2 2 
37.7 7 
30.8 8 
25.4 4 
21.2 2 
19.3 3 
17.7 7 
14.8 8 

12.3 3 
11.4 4 
10.7 7 
10.0 0 
9.3 3 
8.8 8 
8.3 3 
8.0 0 
7.8 8 
7.4 4 

log(/ / 
(a) ) 

4.096 6 
4.077 7 
4.034 4 
4.014 4 
3.989 9 
3.954 4 
3.926 6 
3.917 7 
3.897 7 
3.867 7 

**(%) **(%) 
5.882 2 
5.722 2 
5.568 8 
5.404 4 
5.229 9 
5.062 2 
4.883 3 
4.783 3 
4.697 7 
4.502 2 

H* H* 

(b) ) 
8.308 8 
8.375 5 
8.971 1 
9.046 6 
9.314 4 
9.712 2 
9.934 4 
9.988 8 
10.16 6 
10.40 0 

logM M 

(c) ) 
-5.375 5 
-5.599 9 
-5.805 5 
-6.072 2 
-6.369 9 
-6.674 4 
-7.038 8 
-7.252 2 
-7.445 5 
-7.913 3 

P P 

0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 
0.8 8 

Voc c 

(d) ) 
3240 0 
3140 0 
2950 0 
2850 0 
2720 0 
2570 0 
2450 0 
2400 0 
2330 0 
2210 0 

Luminosityy class II I 
1II I I 
2II I I 
3II I I 
4II I I 
5II I I 
6II I I 
7II I I 
8II I I 
9II I I 
10III I 

48180 0 
45410 0 
42640 0 
39860 0 
37090 0 
34320 0 
31540 0 
30160 0 
28810 0 
26040 0 

82.8 8 
68.4 4 
56.6 6 
47.4 4 
39.0 0 
32.6 6 
27.4 4 
25.1 1 
23.5 5 
20.2 2 

15.1 1 
15.0 0 
14.8 8 
14.7 7 
14.7 7 
14.7 7 
14.7 7 
14.8 8 
14.8 8 
15.0 0 

3.998 8 
3.921 1 
3.850 0 
3.779 9 
3.694 4 
3.616 6 
3.541 1 
3.497 7 
3.466 6 
3.389 9 

6.042 2 
5.934 4 
5.813 3 
5.690 0 
5.564 4 
5.430 0 
5.283 3 
5.211 1 
5.134 4 
4.970 0 

9.098 8 
10.04 4 
10.82 2 
11.53 3 
12.63 3 
13.50 0 
14.20 0 
14.69 9 
14.73 3 
15.18 8 

-5.125 5 
-5.239 9 
-5.397 7 
-5.585 5 
-5.791 1 
-6.051 1 
-6.377 7 
-6.551 1 
-6.758 8 
-7.230 0 

1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 

3080 0 
2850 0 
2660 0 
2490 0 
2290 0 
2130 0 
1990 0 
1920 0 
1870 0 
1750 0 

Luminosityy class la 
l l a a 
21a a 
31a a 
41a a 
51a a 
61a a 
71a a 
81a a 
91a a 
101a a 

47690 0 
44700 0 
41710 0 
38720 0 
35730 0 
32740 0 
31240 0 
29760 0 
26770 0 
23780 0 

104.77 55.9 
86.55 48.6 
74.77 42.5 
64.33 37.4 
54.88 33.1 
46.77 29.5 
43.11 27.9 
40.99 26.0 
36.11 23.7 
32.44 22.0 

18.6 6 
19.6 6 
20.6 6 
21.8 8 
23.1 1 
24.6 6 
25.4 4 
26.2 2 
28.2 2 
30.5 5 

3.9188 3.646 
3.7900 3.540 
3.6833 3.438 
3.5699 3.334 
3.4499 3.230 
3.3255 3.126 
3.2633 3.074 
3.2144 3.017 
3.0966 2.914 
2.9799 2.881 

6.206 6 
6.139 9 
6.062 2 
5.981 1 
5.892 2 
5.795 5 
5.741 1 
5.683 3 
5.563 3 
5.427 7 

9.502 2 
11.63 3 
12.95 5 
14.44 4 
16.15 5 
17.90 0 
18.70 0 
18.67 7 
19.35 5 
19.53 3 

-4.896 6 
-4.922 2 
-5.014 4 
-5.134 4 
-5.295 5 
-5.509 9 
-5.644 4 
-5.815 5 
-6.202 2 
-5.409 9 

1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 
1.0 0 

3000 0 
2620 0 
2400 0 
2190 0 
1990 0 
1810 0 
1730 0 
1690 0 
1570 0 
740 0 

(a)cm.s-22 ; (b)10"4#* ; (c)M0/yr; (d)km.s-1. 

~~ 24 000 K up to ~ 49 000 K, with 10 models for each luminosity class. For the 
basicc stellar parameters we employed the calibration from Vacca et al. (1996) 
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4.24.2 The grid of models 

computedd with a H and He model, hence not accounting for line-blanketing. 
Thee stellar parameters are shown in Table 4.1, using evolutionary masses. 
Thee parameters for the last two models in the dwarf and giant class and for 
thee last three models in the supergiant class were derived by extrapolating the 
relationss found by these authors for Teff and log g. For the supergiant models, 
wee also calculated a grid with gravities based on the (lower) spectroscopic 
massess (Vacca et al. 1996), in order to investigate the dependence of the 
near-infraredd lines on log g (see e.g. Herrero et al. 1992). For the chemical 
compositionn solar abundances from Cox (2000) were incorporated, which are 
listedd in the caption of Table 4.1. 

Thee density structure in the photosphere is based on hydrostatic equilib-
riumm in an isothermal medium of temperature Teff. In that case the density 
scalee height is given by 

HH = kTeS (4.1) 
M^amuPeff f 

wheree fi is the mean molecular weight in atomic mass units (mamu) and #eff is 
thee gravity at the stellar surface corrected for radiation pressure by electron 
scattering.. The density structure near and beyond the sonic point is set 
byy the velocity law through the equation of mass-continuity (in spherical 
symmetry).. This velocity structure is given by a standard /?-law, which is 
smoothlyy connected to the photosphere. The value of (3 is set to 0.8 for the 
dwarfss and to 1.0 for the giant and super giants, as these stars have a tendency 
towardd higher (3 (e.g. Groenewegen & Lamers 1989; Puis et al. 1996). The 
terminall  wind velocity i ^ follows from a scaling with the escape velocity vesc 
(Abbottt 1982, Lamers et al. 1995). For stars with spectral type earlier than 
approximatelyy B2 this scaling implies that the ratio foo/^esc is 2.6. Stars with 
aa later spectral type have a ratio of 1.3. This discontinuity is referred to as 
thee bi-stability jump and implies larger mass-loss rate and lower wind velocity 
forr stars at the cool side of this jump. This is the case for the coolest model 
off  our grid, Model 10 la. The mass-loss rates incorporated in the models are 
fromm the theoretical predictions by Vink et al. (2000, 2001). These are listed 
inn Table 4.1 together with the terminal velocities. 

Inn the statistical equilibrium and radiative transfer calculation a micro 
turbulentt velocity of vturb = 20kms_1 for all lines was assumed. In the formal 
solutionn of the radiative transfer equation, yielding the emergent spectrum, 
wee assumed micro turbulent velocities of 10 and 20 kins"1. Apart from the 
broadeningg due to thermal motions and micro turbulence, Stark broadening 
tabless for H , He I and He 11 lines were included. 

Ass the effective temperature scale for O-type stars is currently being re-

73 3 



44 Modelling the near-infrared lines of O-type stars 

visedd using different models all accounting for line-blanketing (e.g. de Koter 
ett al. 1998; Martins et al. 2002; Repolust et al. 2003), the spectral types 
attributedd by Vacca et al. (1996) cannot be applied to our models. Instead 
wee use as a quantitative criterion the ratio of the equivalent widths of the 
Hee IA 4471 and He n A 4542 lines from Mathys (1988). This enables us to 
unambiguouslyy assign spectral types to our models. 

4.2.11 Limitation s o f th e model s 

Thoughh the models presented in this study are state-of-the-art, they do (in-
evitably)) contain a number of assumptions. With respect to the prediction of 
thee near-infrared spectrum the most important ones are: 

AA constan t photospheri c scal e heigh t 

Wee assume a constant density scale height to describe the density structure 
inn the stellar photosphere (see Eq. 4.1). In reality, the run of density in 
thiss regime follows from the equation of hydrostatic equilibrium, i.e. it takes 
intoo account the exact temperature structure as well as changes in the mean 
molecularr weight. The lines that are expected to be affected the most by 
thiss assumption are optical lines that are sensitive to density, most notably 
thee wings of Balmer lines. These lines are used to derive the stellar gravity. 
Gravityy determinations based on these lines may therefore lead to a system-
aticc overestimate of log<7 of up to 0.10 to 0.15 dex (P. Najarro, priv. com-
munication).. This effect is less important for the strong near-infrared lines 
andd especially for supergiant models in which these lines are mainly formed 
beyondd the photosphere. 

Thee densit y structur e in th e transitio n zone 

AA proper treatment of the density structure in the transition region between 
thee photosphere and the super-sonic wind requires solving the equation of 
motion,, taking into account all processes that are responsible for the acceler-
ationn of the stellar outflow. Most important, one should account for effects 
off  radiation pressure on spectral lines. This problem is at present too com-
plexx to solve self-consistently. Our approach is to adopt a simple, empirical 
descriptionn of the density stratification in this region, namely we smoothly 
connectt the exponential increase of velocity in the photosphere to a beta-type 
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4.24.2 The grid of models 

velocityy law in the supersonic regime. We achieve this by taking 

vv(r)(r)  = (vo + f v o c - V o X l - f l / r y 3 ) / 

(11 + (vo/vcore) exV([R - r]/H)) , (4.2) 

wheree vCOTe is the velocity at the inner boundary of the model, and which, by 
meanss of the mass-continuity relation, sets the density at RCOre- Typically, this 
densityy is chosen sufficiently high to assure full thermalisation of the radiation 
field.field. The velocity parameter v0 is used to assure a smooth transition from the 
photospheree to the supersonic wind. The latter is prescribed by the terminal 
velocityy VQO and the /3 parameter, essentially defining the steepness of the 
velocityy law near and beyond the sonic point. 

Ann important outcome of this study is the ability to check whether this 
commonlyy used representation of the density structure is able to reproduce the 
propertiess of near-infrared lines, which are typically formed in the transition 
regionn and/or lower part of the wind. The major part of the discrepancies 
betweenn observations and predictions of these lines can likely be ascribed to 
shortcomingss of the above description. 

Clumpin g g 

Theree is evidence that the stellar winds or early-type stars are inhomogeneous 
onn small length scales. Observational evidence exists for Wolf-Rayet stars 
(Robertt 1994, Hillier 1991) as well as for some O-type stars (e.g. Eversberg 
ett al. 1998, Bouret et al. 2003). Theoretical indications for this effect are 
providedd by Owocki et al. (1988). One may anticipate that in clumped winds, 
strongg infrared lines such as Bra and Br7, and possibly Pf7 and He II (6-7) 
wil ll  be affected the most. For recombination lines clumping effects introduce 
aa degeneracy in the quantity M/y/J, where ƒ is the clumping factor defined 
ass p = f p. Here it is assumed that the inter-clump medium is void, and that 
pp is the unclumped wind density. Lines of varying strength may be affected in 
differentt ways if the clumping factor depends on radial distance. Potentially, 
thee behaviour of the strong near-infrared lines may yield constraints on the 
clumpingg properties. As we want to focuss on other parameters in this first 
study,, we adopt an unclumped medium in our models. 

Turbulenc e e 

Inn our models we assume a constant microturbulent velocity throughout the 
photospheree and wind. On the basis of Bra and Pfa observations Zaal et al. 
(2001)) found evidence for a gradient in the turbulent velocity in the outer 
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44 Modelling the near-infrared lines of O-type stars 

photospheress of late-0 and early-B dwarfs and giants. Such an increase in 
microo turbulence with radial distance may also be present in O stars of earlier 
spectrall  type. 

4.33 Lin e trend s 

Wee present equivalent width (EW) predictions for the strongest hydrogen 
andd helium lines in the near infrared, and discuss their dependence on model 
parameters.. The lines are listed in Table 4.2, together with blends present in 
thee wings of their profiles that are comprised in the EW predictions. 

4.3.11 Hydroge n line s 

Thee near-infrared domain includes several hydrogen lines from different se-
ries:: Paschen in the J band, Brackett in the H, K and L band and Pfund 
inn the L band. The higher members of the Pfund and Humphreys series are 
alsoo located in the K and L band, respectively. A very high density and a 
loww hydrogen ionisation fraction are required to make them observable. Al-
thoughh this is the case for cooler stars and emission line stars, these lines are 
nott reported in the spectra of O-type stars and are not included our model 
calculationss which include 13 levels of hydrogen. 

Wee plotted EW predictions of the Paschen, Brackett and Pfund lines for 
alll  models in Fig. 4.1. The Bra line is blended with the Hei(4f-5g) and 
Helll  (8-10) lines in all spectra, and with Hei(4d-5f) for models with large 
windd velocities and mass-loss rates. We defined the EW of Bra over the 
intervall  from 4.0 to 4.1 /mi, which includes these blends. Also the Pa/9 and 
Pa77 lines are integrated over an interval comprising the He I lines (3d-5f) and 
(3p-5s),, and (3d-6f), respectively. The lines decrease in equivalent width (i.e. 
yieldd weaker absorption or stronger emission) with temperature in the range 
255 to 45 kK. This trend is steeper for higher series, as well as for stronger 
liness within a series and for lines in supergiants relative to less luminous stars. 
Thee lines show progressively lower equivalent widths for decreasing luminosity 
class. . 

Twoo models do not follow this general trend: the hottest (1 la) and coolest 
(100 la) supergiant models computed in this study. In Model 10 la, the hydro-
genn lines have a more negative equivalent width compared to neighbouring 
modelss whereas it is the opposite in Model 1 la. This behaviour can be traced 
backk to the adopted wind parameters. Model 10 la is at the cool side of the bi-
stabilityy jump, where it has a higher wind density (see Sect. 4.2). Model 1 la 
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4.34.3 Line trends 

Line e 

Pa/? ? 

Pa7 7 

Bra a 

Br7 7 
BrlO O 
Brr 11 
Pf7 7 

Pf9 9 
PflO O 

Hell l 
Hen n 

Hen n 
Hee II 
Hee II 
Hen n 
Hee I 
Hee I 
Hee I 
Hee I 
Hee I 
Hee i 
Hee i 

Civ v 
Cm m 

Transition n 

3-5 5 

3-6 6 

4-5 5 

4-7 7 
4-10 0 
4-11 1 
5-8 8 
5-9 9 
5-10 0 

5-7 7 
6-7 7 

6-11 1 
7-10 0 
7-12 2 
7-13 3 

2s-2p p 
3p-4s s 
3p-4s s 
3p-4d d 
3p-5d d 
3d-5f f 
4p-5d d 

3d-3p p 
7-8 8 

Wavelength h 
/ im m 

1.2822 2 

1.0941 1 

4.0523 3 

2.1661 1 
1.7367 7 
1.6811 1 
3.7406 6 
3.2970 0 
3.0392 2 

1.1630 0 
3.0917 7 

1.1676 6 
2.1891 1 
1.6923 3 
1.5722 2 

2.0587 7 
2.1126 6 
2.1138 2.1138 
1.7007 7 
1.1972 2 
1.2788 8 
3.7036 6 

2.0802 2 
2.1151 1 

Liness comprised in 
EWW measurement 

Heii(6-10)A1.2816 6 
Hei(3p-5s)A1.2849 9 
Hee i (3d-5f) Al.2788 

Cmm Al.2794 
Henn (6-12) Al.0936 
Hee I (3d-6f) Al.0916 

Cmm Al.0920 
Heii(8-10)A4.0506 6 
Hei(4f-5g)A4.0409 9 
Hei(4f-5g)A4.0377 7 
Henn (8-14) A2.1652 

Henn (8-11) A3.0955 
Cmm A3.0878 
Cmm A3.0843 
Cmm A3.0763 

Tablee 4.2: Identification of the lines used in this study. 
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Figuree 4.1: Equivalent width predictions (in A) for hydrogen lines are plotted 
forr dwarfs (crosses), giants (circles), supergiants (squares) and lower surface 
gravityy supergiants (triangles). Small symbols are for a turbulent velocity of 
100 km s_1, large symbols for a turbulent velocity of 20 km s_ 1. 
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4.34.3 Line trends 

hass a lower wind density than Model 2 la. The strongest lines show the most 
pronouncedd emission, as their line forming region extends further out in the 
wind.. Differences with luminosity class is smaller for photospheric lines (e.g. 
B r l l ,, BrlO, PflO). Their behaviour is mostly sensitive to the temperature, 
andd can therefore be used to constrain the spectral type. This also holds for 
Pa/3,, Pa7, Br7 and Pfy, except for supergiants, which have large mass-loss 
ratess affecting also the /3 and 7 lines. 

Thee two grids of supergiant models show that the Pfund lines and Br7 
aree sensitive to the surface gravity. As these lines form in the region above 
thee photosphere, but below the sonic point, they are sensitive to changes 
inn gravity. The strong Bra line is formed in a much more extended region, 
i.e.. also in the wind where the density structure is set by the velocity law, 
andd is less sensitive to gravity effects. We also investigated the effects of 
microo turbulence resulting in additional broadening of lines. The EWs differ 
marginallyy between the two adopted turbulent velocities (10 and 20 km s_ 1) . 

Thee strength of most predicted near-infrared hydrogen lines show a smooth 
behaviourr as a function of model parameters. On top of this, the Pfund lines, 
andd to a lesser extent Br7, show small model to model fluctuations. These 
mayy be intrinsic in nature (e.g. blends) or the result of numerical effects (e.g. 
gridd sampling) and do not significantly affect our results. 

4.3.22 Hen line s 

Severall  Hell lines are present in the different observational bands. The 
strongestt are the (5-7) and (6-11) transitions in the J band, (7-12) and (7-13) 
inn the H band, (7-10) in the K band and (6-7) and in the L band. The be-
haviourr of these lines can be split into three regimes following the ionisation 
off  He 11. The lines first appear at about 30 kK and increase in absorption 
strengthh up to ~ 40 kK. The exact temperature of this maximum absorption 
dependss on the gravity, ranging from 41 kK for dwarfs to 36 kK for super-
giants.. For temperatures Teff > 45 kK, the lines weaken again. All high-
temperaturee models show Hell profiles in which the line core is reverted in 
emission,, as a result of a temperature inversion in the line forming region. A 
temperaturee inversion is not present in the highest Teff models. These there-
foree show normal absorption profiles. This explains the increased absorption 
seenn in these hottest models. In giants and supergiants, the strong a line (6-5) 
att A 3.0917 /mi is formed in the stellar wind, causing a strong emission pro-
file.file. For the hottest supergiant model, the line shows a decrease in emission 
thatt is the result of a lower wind density (as discussed in Sect. 4.3.1). The 
behaviourr of He 11A 3.0917 is complex as it is blended with the (8-11) line, 
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Figuree 4.2: Equivalent width predictions (in A) for Hell lines are plotted 
forr dwarfs (crosses), giants (circles), supergiants (squares) and lower surface 
gravityy supergiants (triangles). Small symbols are for a turbulent velocity of 
100 km s~x, large symbols for turbulent velocity of 20 km s_ 1. 

80 0 



4.34.3 Line trends 

whichh shows a singular behaviour as a result of it being interlocked with the 
(6-5)) transition. For those cases where the (6-5) line is in emission, the (8-11) 
linee is in absorption, while for an absorption profile for (6-5) the blending line 
iss in emission. Al l luminosity classes suffer from this blending effect, however, 
forr the supergiants the (6-5) dominates the equivalent width in such a way 
thatt no dip in EW occurs at ~ 41 kK. Wind emission is also important for 
thee (5-7) line. 
Thee relatively weak He n lines may serve as temperature indicators, whereas 
thee stronger lines are mostly sensitive to luminosity class, similar to hydrogen 
lines.. For temperatures between 33 and 42 kK these lines are also sensitive to 
gravity.. Like for the hydrogen lines, effects of micro turbulence are relatively 
modest. . 

4.3.33 He i lines 

Numerouss He I lines are present in the near-infrared. Six of them were ob-
servedd in the spectrum of a BO la star by Wallace et al. (1997) for the J-band 
only.. We concentrate on the strongest lines present at A 1.1972 and 1.2788 
fimfim in the J band, at A 1.7007 in the H band, at A 2.0587, 2.1126 and 2.1138 
inn the K band, and at A 3.7036 fim in the L band. The line trends are plotted 
inn Fig. 4.3. 

Wee first discuss the triplet transitions. These show a normal excitation and 
ionizationn behaviour, producing a broad peak in absorption strength near ~ 
300 kK. For higher temperatures the lines weaken, and disappear somewhere 
betweenn 40 and 50 kK. Lines are weaker in lower gravity models that have 
Tefff  > 35 kK, a situation that is reversed at lower temperatures. The lines at 
AA 1.7007, 2.1126 and 3.7036 /mi are the most sensitive to gravity. A higher 
microturbulentt velocity increases the equivalent width of the Hei lines, as 
expected.. We note that for the lines at A 1.1972, 1.2788 and 3.7035 /an we do 
nott have Stark broadening tables available, implying we underestimate the 
strengthh of these lines. The neglection of pressure broadening also explains 
whyy these lines appear more affected by a change in turbulence. 

Thee singlet lines at A 2.0587 and 2.1138 //m show a very different behavior 
ass a result of a strong coupling to the strength of the ultraviolet line-blanketed 
continuumm through the resonance transitions at 584 A and 537 A (see Najarro 
ett al. 1994). The first transition reaches the upper level of the A 2.0587 line, 
thee second one, the lower level of the A 2.1138 line. This causes the "inverted" 
behaviourr of these two lines as seen in Fig. 4.3. The weakening of both lines 
att Teff > 35 kK is the result of progressive ionisation. The exact location of 
thiss peak absorption strength (for He IA 2.0587) and peak emission strength 
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4.44.4 Comparison with observations 

(forr He IA 2.1138) depends somewhat on gravity, but ranges from 38 kK for 
dwarfss to 33 kK for supergiants. 

Mostt of the He I lines discussed are expected to be useful temperature 
diagnostics,, especially at temperatures beyond ~ 35 kK. At lower Tefj the 
liness show a strong dependence on gravity and/or turbulent velocity. 

4.44 Comparison with observations 

Calibrationn of the trends predicted by the models requires a large data set 
off  near-infrared spectroscopic observations of O-type stars with well known 
propertiess obtained from optical and ultraviolet studies. Observations of near-
infraredd lines are still scarce, although some effort has been made in this 
directionn over the last decade. In particular, we make use of the K-band atlas 
off  Hanson et al. (1996), the H-band collection of spectra of Hanson et al. 
(1998)) and the ISO/SWS atlas of Lenorzer et al. (2002a) covering the L-
band.. Additional measurements were gathered from Blum et al. (1997) and 
Zaall  et al. (2001) for the Hei line at Al.7007 and the Bra line, respectively. 
Thiss collection of observations allows a first limited comparison with models. 
Observedd equivalent widths are plotted in Fig. 4.4 together with the model 
trends.. These trends give the minimum and maximum EW values for the 
dwarff  (solid lines) and supergiant models (dotted lines), assuming that the 
spectrall  types attributed to the models are accurate to within 1 subtype. 

Consideringg the hydrogen lines (left panel), the general trends are fairly 
welll  reproduced by the models, though the observations of lines affected by 
thee stellar wind (Bra, Br7) show a much larger scatter than is produced by 
thee range of parameters that we have investigated. The line for which this is 
clearlyy seen is Br7. Note that the only model in the Br7 panel that produces 
ann emission equivalent width that is comparable to the highest values that 
aree observed is the one for the coolest Teff (represented by a plus sign). This 
modell  is at the cool side of the bi-stability jump, resulting in a much higher 
windd density. One would expect a range of wind densities in O-type super-
giantss of given spectral type, as these show a considerable spread in luminosity 
(andd therefore mass loss). The observations, however, lie systematically above 
thee typical parameters of la stars. This may either suggest a strong under-
predictionn of the wind density (which seems unlikely on the basis of optical 
andd ultraviolet studies) or that clumping of the stellar wind is important for 
near-infraredd wind lines. A clumped medium would lead to an increase of the 
emissionn line strength, as clumping results in an increased recombination rate. 
Notee that the Bra measurements appear to follow the predictions fairly well. 
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4.44.4 Comparison with observations 

Thiss suggests that the clumping factor varies throughout the wind, reaching 
aa maximum in the regions of Br7 formation and decreasing again farther out. 
Thee Bra orginating in a larger volume of the wind, is relatively less affected 
byy clumping. 

Observationss of the Hell (7-12) and (7-10) lines are compared with predic-
tionss in the middle panel of Fig. 4.4. For the (7-12) line only few observations 
aree available, limiting a meaningful comparison. For those few available data 
points,, it appears that the models reproduce the observations reasonably well. 
AA much better comparison can be made for the (7-10) line at A 2.1891 /mi. 
Thoughh the observed global trends are recovered, we find that for dwarf stars 
withh spectral types earlier than 07 this line is overpredicted by about 0.5 A, 
whilee it is underpredicted by up to ~ 1 A for supergiants of spectral type later 
thann 06. The reason for this behaviour is most likely linked to the uncertainty 
inn the density structure. We find that the line cores of the He II lines are typi-
callyy formed at 10 to 100 km s^1, i.e. at or even beyond the sonic point. This 
impliess that the dominant line contribution is formed in the transition region 
fromm the photosphere to the wind, for which we essentially do not have a 
self-consistentt solution for the density structure (see Sect. 4.2.1). The results 
suggestt that especially for supergiants the simple transition from an exponen-
tiallyy decaying density to that implied by a /?-type velocity law adopted in 
ourr models is not correct (and not as much the simplified hydrostatic density 
structuree in the photosphere itself). 

Forr the He I lines a comparison for the A 1.7007, A 2.1126, and A 2.0587 
liness is feasible (right panel). Though some observational data is also avail-
ablee for the A 3.7035 fim transition, this data is limited to only a few stars. 
Moreover,, our models does not account for the Stark broadening of this line , 
whichh makes a comparison of limited value. We therefore decided to exclude 
thiss line from the comparision. For the remaining three lines both the trend 
inn spectral type and in luminosity class are reproduced by the predictions. 
Inn particular, the HeiA2.1126 line behaves well. Note that this 3p-4s tran-
sitionn is plotted as the sum of the A 2.1126 and A 2.1138 transitions, which 
aree blended with each other in the medium resolution spectra of Hanson et 
al.. (1996). Also the A 2.0587 line behaves well, though most supergiants ap-
pearr to show a deeper absorption by up to ~ 1 A. The same discrepancy 
forr supergiants seems present in the A 1.7007 line. The cause of the system-
aticc differences in absorption strenght are again most likely connected to the 
densityy stratification in the transition from photosphere to wind. 

Wee conclude from this comparison that the models reproduce the global 
trendss of H, Hei, and Hen lines, but that the strength of helium lines tends 
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too be underpredicted for the supergiants with spectral type later than 06. 
Thee models that best approach the He line strengths in la stars are the ones 
withh low gravity, i.e. not the canonical gravity models. This does not imply 
thatt these stars have a much lower mass than expected, but shows that the 
densityy structure in the transition region and lower wind is better represented 
byy a low gravity in Eq. 4.2. We find that the strong hydrogen lines point to 
aa distance dependent wind clumping. 

4.4.11 Lines of carbon and nitrogen 

Thee majority of the lines present in the near-infrared spectra of hot stars are 
producedd by hydrogen and helium. In the K band, a few strong emission lines 
aree attributed to carbon and nitrogen ions. A triplet of lines around 2.08 //m, 
identifiedd as the CIV (3p-3d) transitions, appear strongly in emission in the 
spectraa of stars with spectral type 04 to 06.5. In our models, however, these 
liness are strongly in absorption at spectral types earlier than 05.5. They 
revertt in emission only for later types and disappear at 09. It is obvious 
thatt our models fail in reproducing these transitions. Matching of the carbon 
liness is known to be problematic in O-type stars (e.g. Lamers et al. 1999) 
ass a result of uncertainties in the ionization structure of this element. The 
carbonn ionization is sensitive to the amount of line blanketing in the extreme 
ultraviolett (EUV) part of the spectrum, notably in the ionizing continua of 
Cmm and Civ. However, the 2.08 fiu\ Civ lines are observed to be narrow 
withh a FWHM of about 43 km s- 1 (Bik et al. in prep.) indicating that they 
originatee in the photosphere and are not filled in by a contribution from the 
wind.. A change in the abundance of CIV due to metallicity would influence 
thee strength of the 2.08 //m lines without reverting them into emission pro-
files.. The formation region of the near-infared CIV lines largely overlaps with 
thatt of the Hei line at A2.0587/mi. Our models qualitatively reproduce the 
behaviourr of the He I line indicating that the local parameters in this region 
aree most likely reasonable. The levels taking part in the CIV lines observed 
aroundd 2.08 /zm are populated through transitions located in the EUV. The 
inclusionn of Fe in had the direct consequence that the CIV lines reverted into 
emissionn in the parameter range where Fe m is the dominant iron ion, i.e. in 
thee effective temperature range from about 40000 to 32000 K. Though we 
accountt for approximately 30000 lines (see Sect. 4.2), this does likely not yet 
representt all of the blanketing at EUV wavelengths. A more complete inclu-
sionn of EUV lines is curently under investigation and may further reduce the 
Civv discrepancy at temperature higher than 40000K. 

Ourr model atoms do not include data for N il l (7-8), expected to be partly 
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responsiblee for the observed emission near A 2.1155 //m. Still, our predictions 
showw an emission due to C il l (7-8) at A 2.1151 //m. The EW of this line peaks 
att 0.8 A for spectral type 06.5. This is much weaker than observed (1 to 5 
A),, though it may explain some observations for spectral types 06 and later. 

4.55 Diagnostics 

Inn the Morgan & Keenan (MK, see Morgan & Keenan 1973) classification 
schemee stars of spectral type O are defined by the presence of Hell lines. 
Subtypess are defined on the basis of the relative strength of the He I and 
Helll  lines. The luminosity class of O-type stars is based on optical Siiv 
andd He I lines (e.g. Walborn 1990). A quantification of the spectral type 
calibrationn was proposed by Conti & Alschuler (1971), Bisiacchi et al. (1982) 
andd Mathys (1988). In this section, we investigate the correlation between 
opticall  and near-infrared line ratios. This may lead to an extension of the 
quantitativee spectral classification to near-infrared lines. 

Thee advantage of the near-infrared spectral range over the optical is that 
itt contains a range of hydrogen lines from different series and from high levels 
inn the atom. Though this implies an additional diagnostic potential (see 
Lenorzerr et al. 2002b), this does require spectra of sufficient quality, both in 
termss of signal-to-noise and spectral resolution. Also, a, /?, and 7 lines are 
stongerr than their counterparts in the Balmer series in the optical. This may 
turnn out to be beneficial, especially for wind density determinations based 
onn Bra (see Sect. 4.5.3). The helium lines in the optical and near-IR are 
aboutt equally strong, so in principle they may serve equally well for spectral 
classification.. In practice the data quality is usually somewhat less in the 
near-IRR as present day detectors for this wavelength regime have a poorer 
quantumm efficiency than optical instruments do. 

4.5.11 Spectral Type 

Whenn correlating optical and near-infrared line behavior, we first notice that 
O-typee stars are no longer defined by the presence of He II lines if one concen-
tratess on only the near-infrared window. Indeed, at these wavelengths, most 
Henn lines disappear around spectral type 08.5. Consequently, near-infrared 
Hee i/He II line ratios can only be measured for earlier spectral types. This is 
too be expected as the near-infrared continuum is formed further out in the 
atmospheree of O-type stars, where the temperature is lower. 

Wee present predicted Hei/Hell equivalent width ratios for lines in the J, 
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H,, and K band in Fig. 4.5. We do not find suitable helium lines in the L-band. 
Wee treatt all luminosity classes on the same footing and plot values applicable 
forr both high- and medium-resolution spectra. With high spectral resolution 
(circless in Fig. 4.5) we mean R ~ 6 500 and 4 500 for the J and K band. With 
mediumm resolution (triangles) we imply R ~ 1000. In the J-band (top panel) 
wee find that the ratio He I Al.2788 / HellAl.1676 may serve to determine the 
spectrall  type. This only works at high resolution, as else the He 11.2788 line 
startss to blend with Cm 1.2794, rendering this diagnostic unusable. Note 
thatt for He I Al.2788 we do not take into account Stark broadening. This will 
affectt the slope of the relation and at present prevents a reliable use of this 
ratioo as a temperature diagnostic. 

Inn the H band (middle panel) the best candidate line ratio for determining 
spectrall  type is He I Al.7007 / HeiiAl.6921. In practice, the optical ratio 
Hee IA4471 over He n A4542 is found to be of practical use for ratios inbetween 
aboutt —1 and +1 dex; otherwise one of the two lines gets too weak. The 
samee applies to the identified H band ratio, implying that it can be used to 
determinee the spectral type of 04 through 08 stars. 

Overplottedd in Fig. 4.5 are observed He i/ He II ratios from Hanson et al. 
(1998)) in the H band and from Hanson et al. (1996) in the K band. In the 
HH band only few observations are available for spectral type 07 through 09. 
Thesee seem to form an extension of the predicted slope as found for stars of 
typess 07 and earlier. However, at spectral type 08 the predicted curve turns 
upward,, i.e. the models appear to underpredict the helium line ratio. In the 
KK band, more data is available though also only for types 07 and later, as 
otherwisee the He IA2.1126 line is too weak to be measured. The available 
dataa is mainly for supergiants. We find that the observations extend the 
predictionss of the low surface gravity models for stars of spectral type 07 or 
earlier,, and underpredict the ionisation for cooler stars. On the basis of such 
aa limited comparison it is difficult to draw firm conclusions. We again note 
thatt the observed ratios appear in better accordance with the low gravity 
models.. This likely implies that for supergiants the density structure in the 
transitionn region and lower part of the wind connects more gradual (i.e. with 
aa smaller density gradient) than is assumed in our standard supergiant grid, 
ratherr than an overestimate of the mass. 

Thee predicted near-infrared equivalent width ratios presented in Fig. 4.5 
correlatee well with the optical ratio and show a steeper dependence on spec-
trall  type than does He IA4471 over He n A4541. These near-infrared line ratio 
mayy serve to determine the spectral type. As for our model predictions, we 
notee that the predictions for He I Al.2788 do not account for Stark broaden-
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ingg effects. Therefore, the J band ratio is less steep than presented, i.e. it 
wil ll  yield spectral types that are systematically too early. The H-band and 
K-bandd ratio are also to be taken with care as our models do not perfectly 
reproducee the observed line strengths (see Sect. 4.4). Still they give a reason-
ablyy good idea of the observational requirements needed to derive quantitative 
informationn on the spectral type of hot stars from near-infrared spectroscopy 
alone.. We conclude that a derivation of the spectral sub-type of O stars from 
near-infraredd helium line ratios is in principle feasible for good quality spectra 
inn the J, H, and K band and for stars that have spectral types in the range 
044 to 08. 

4.5.22 Surface gravity 

Severall  of the strongest lines in the near-infrared, such as Bra, Br7, Pfy, 
andd He II A3.0917, appear to be very sensitive to the surface gravity. This 
is,, however, a consequence of the relation we assume between gravity and 
mass-losss rate. These lines are mainly formed in the wind and may serve as 
ann indicator of the wind density (see next subsection). 

Thee lines showing a direct dependence on surface gravity are the weaker 
lines,, formed near the stellar photosphere. Most He I and a few He n lines are 
foundd to be sensitive to this parameter. The Hell (6-11), (7-10), (7-11) and 
(7-12)) and the Hel (2s-2p) lines are stronger in absorption for lower gravity at 
temperaturess between 30 and 40 kK (see Sect. 4.3). The same holds for most 
Hee I lines between 25 and 35 kK. Unfortunately, no well defined monotonie 
correlationn could be extracted. 

4.5.33 Wind density 

Mass-losss rates of O-type stars can be determined from ultraviolet resonance 
andd subordinate lines, Ha, and radio flux measurements. For a recent review 
onn these methods, including a discussion of their individual pros and cons, 
seee Kudritzki & Puis (2000). A relatively simple method to derive M is to 
usee the net equivalent width of Ha (see e.g. Klein & Castor (1978), Leitherer 
(1988)) and correlating it with the equivalent width invariant 

M M 

firstfirst introduced by Schmutz, Hamann & Wessolowski (1989) for a fixed tem-
perature,, and extended to include Teff by Puls et al, (1996) and de Koter, 
Heapp & Hubeny (1998). The invariant essentially expresses that Ha is formed 
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4.54.5 Diagnostics 

byy the recombination mechanism, therefore its strength will be approximately 
proportionall  to the mean column mass jö2R* ~ ^2/ (R* voo)- In principle, the 
samee strategy can be applied using the Bra line. Relations between the EW of 
Braa and the mass-loss rate have already been proposed, based on model pre-
dictionss (Schaerer et al. 1996); and on observations (Lenorzer et al. 2002a). 
Thiss line is intrinsically stronger than Ha, which means that the photospheric 
absorptionn has a smaller impact on its EW. We have opted not to correct for 
aa photospheric contribution, as a "true" photospheric component of this line 
cann only be defined if a core-halo approximation is adopted (i.e. a seperate 
treatmentt of the stellar photosphere and wind), which is not physically re-
alisticc in the near-infrared regime. Recall that most near-infrared lines are 
formedd mainly in the transition region. 

Thee correlation between predicted Bra equivalent width and Q is given in 
Fig.. 4.6. The units of the constituents of the latter quantity are M in MQyr-1, 
stellarr radius in R0, Teff in Kelvin, and VQO in km s- 1 . The measurements are 
fromm 4.0 to 4.1 /xm and include a number of blends from weak Hei and Hell 
lines.. This causes most of the modest scatter in the model results; overall 
thee correlation is very good. A best fit  (overplotted using a solid line) to all 
negativee EW values yields 

logEWW (Bra) - (32.4  0.5) + (1.55  0.03) logQ (4.4) 

Thee divergence from the fit of models with mass-loss rates below about 10- 7 

M 0yr _11 marks the transition to profiles dominated by photospheric absorp-
tion.. In the wind dominated regime the fit function recovers the Q value to 
withinn 0.05 to 0.15 dex for 0.5 < Q/IO- 20 < 1.0, and to within 0.04 dex for 
largerr values. 

Inn Fig. 4.6 we overplot the observed equivalent widths of nine giants and 
supergiants.. The Q values corresponding to these EW are from Puls et al. 
(1996),, Lamers et al. (1999) and Kudritzki et al. (1999) (see figure caption 
forr details). The bars connect mass-loss determinations for the same stars 
byy different authors, sometimes using different methods (Ha or radio). The 
barss therefore give an indication of the uncertainties involved in deriving 
M.M. Typical errors on individual measurements are about 0.3 dex in the Q 
parameter.. In seven out of nine cases the determinatios are in good agreement 
withh the trend. This ignores the outlying M results for a Cam and e Ori. The 
observedd EW for the two Iaf supergiants in the sample, HD 190429A and 
QZZ Sge, are clearly above the trend. These two stars show He II emission lines 
thatt are much stronger than the ones produced in our supergiant models. 
Onee of these He n lines is included in the measurement of the Bra equivalent 
width,, explaining the difference. 
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Figuree 4.6: The predicted equivalent widths for dwarfs (denoted by crosses), 
giantss (circles) and supergiants (squares) and lower surface gravity super-
giantss (triangles) are overplotted with observations from Lenorzer et al. 
(2002a),, for which Q was derived from Lamers et al. (1999), Puis et al. 
(1996),, and Kudritzki et al. (1999). Q is given in units of 10"20 M^yr" 1 per 
RQ

3//22 per K2 per km s_ 1. 

4.66 Conclusion 

Wee have confronted observations of near-infrared spectra with predictions 
usingg the current state-of-the-art model atmosphere code CMFGEN of Hillier 
&&  Miller (1998). This study was prompted by the fact that an increasing 
numberr of spectra of embedded O-type stars is presently becoming available, 
allowingg the study of stars hidden beyond tens of magnitudes of circumstellar 
orr foreground visual extinction. Though first attempts to make an inventory 
off  the potential and predictive power of models in this wavelength range have 
beenn undertaken (Najarro et al. 1999), a systematic approach using a large 
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4.64.6 Conclusion 

gridd of models was so far missing. We summarize the main conclusions of this 
study. . 

1.. The general trends and strengths of the lines are fairly compatible with 
observedd properties. Near-infrared lines are typically formed in the tran-
sitionn region from photosphere to stellar wind, or even in the lower part of 
thee wind (up to a few times the sonic velocity). The largest discrepancies 
aree found for helium lines in supergiant spectra, which are systematically 
underpredicted.. As low gravity models appear to reproduce these lines 
muchh better, it is expected that for these stars the connection of the pho-
tospheree to the wind is much smoother, i.e. the density changes more 
gradually,, than is adopted in our models. (It does not imply that masses 
forr supergiants are systematically underestimated). 

2.. The models show a good correlation between optical and near-infrared 
heliumm line ratios in the J, H and K band. Notably, the He I Al.2788 / 
Heiii  Al.1676, HeiA1.7007/Heii Al.6921, andHei A2.1136 / Hen A2.1885 
fimfim ratios appear good candidates. Application of these near-infrared 
ratioss requires good quality data and are only applicable for stars with 
spectrall  type 04 to 08. Cooler stars do not show Hen lines. This is to 
bee expected as the near-infrared continuum is formed further out in the 
atmosphere,, relative to where the optical spectrum originates. 

3.. The Bra, Br7, and HellA3.0917 lines in giants and supergiants are pre-
dominantlyy formed in the stellar wind. Comparison with observations 
showss that the Br7 lines are systematically underpredicted, while in most 
casess Bra is reproduced well. This suggests that Br7 is sensitive to an 
inhomogeneouss density behaviour or "clumping", while the stronger Bra 
linee suffers much less of this effect. This suggests a distance dependent 
clumping,, reaching a maximum in the region of Br7 formation. 

4.. We find that the Bra line is a fairly good diagnostic for the wind density 
andd we provide a means to correlate the measured equivalent width of 
thiss line to the wind density invariant Q = M/i23/2VooTgff . The relation, 
however,, depends on the He II abundance in the wind, as the Bra line is 
contaminatedd by a potentially strong Hen line. 
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