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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 wil l 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 
[M 0] ] 

log(M) ) 
[Meyr" 1] ] 

t'0G G 

[kms"1] ] 
Luminosityy class I: 
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 

6.274 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 Söö = -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 ar ,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 

file:///1.11
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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] ] 

[M 0] ] 
log(M) ) 

[M 0yr-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 oi i 

[M 0] ] 
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 
limi tt 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 wil l 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 M 0yr_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 
wil ll  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/EWtotai 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 wil l 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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