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Summary.. Mass loss rates from the Of star HD 153919 
aree estimated by comparing the observed P-Cygni 
profiless with those theoretically computed using the 
methodd described by Lucy (1971). The observed profiles 
aree best reproduced by adopting a rate of mass loss of 
aboutt 2x 10"6 M0/yr, and assuming an outward 
increasingg expansion velocity (which is compatible with 

1.. Introduction 
AA description of the optical spectrum of the O6.5 f star 
HDD 153919, the optical counterpart of the X-ray source 
3UU 1700-37, is given by Hensberge et ai (1973) and Wolff 
andd Morrison (1974). In this paper, we analyse the 
P-Cygnii  type profiles of the lines He\k 5876, k 4471 
andd H p, which arise in the expanding atmosphere of 
thee Of star. We compute theoretical line profiles and 
estimatee the rate at which mass is lost from the stellar 
atmospheree by comparing the computed profiles with 
thee observed ones. The mass loss rate found allows us to 
checkk theories which interpret the X-ray emission as a 
consequencee of mass transport from a nearby compan-
ionn (e.g. Lamb et ai, 1973; Davidson and Ostriker, 
1973). . 
Inn Section 2 we give a general description of the method 
usedd to compute the theoretical profiles. The velocity 
distributionn in the stellar envelope is discussed in Section 
3:: a short description of the observed profiles is also 
given,, and the physical parameters used in the 
computationss are described. The results found are 
presentedd and discussed in Sections 4 and 5. 

2.. The Method 

Thee method used for the theoretical computation of P-
Cygnii  profiles is the one described by Lucy (1971). This 
authorr solved the equation of transfer in spherical 
symmetricc expanding atmospheres for lines formed by 
isotropicc scattering, which is coherent in the comoving 
framee of the fluid. The number of resonance absorption 
liness arising in the ultraviolet spectral region of early 
typee stars seems indeed to be sufficient to produce an 
expandingg envelope by radiation pressure (Lucy and 
Solomon,, 1970). 

thee observations). The relation between the mass loss 
ratee obtained and the one needed to produce the 
observedd X-ray intensity is discussed, and the agreement 
iss found to be satisfactory. 

Keyy words: X-ray sources — Of stars — mass loss — 
P-Cygnii  profiles 

Duee to the high expansion velocity of the layers of the 
atmospheree of HD 153919 where the observed P-Cygni 
profiless are formed (cf. Section 3), we neglect collisions 
andd assume coherent scattering as the principal agent 
off  line formation (cf. Rottenberg, 1952). 
Inn his computations Lucy assumes that the expansion 
velocityy is a function increasing with distance from the 
starr and that the outflow velocity is large compared to 
thee thermal velocity of the scattering ions (the so-called 
"narrow-linee limit") . The latter approximation is 
certainlyy not valid for the deeper photospheric layers 
wheree the expansion velocity is small; these layers 
contributee strongly to the line profile close to the line 
center.. We should thus be aware that in this 
approximationn we cannot expect to predict the profile 
nearr the line center correctly. 
Forr the expansion velocity v{R) we adopted the profile 
describedd in Section 3. The rate of mass loss is taken as 
aa second free parameter. The density Q(R) is then deter-
minedd by the equation of mass conservation. The 
radiationn field of the underlying stellar photosphere 
formss the third parameter which enters in the compu-
tationn of the ionization balance. 

3.. Computations 

Thee observed P-Cygni type profiles in the spectrum of 
HDD 153919 in the wavelength region kk 3300-6500 are 
HH p and He i k 4471 and k 5876. The observed profiles of 
thesee lines during the X-ray eclipse are indicated in Figs. 
1,, 2 and 3 by the full lines. This phase was chosen to be 
suree that the X-ray source does not disturb the observed 
profiless as inspection of the profiles on tracings of the 
differentt plates gave evidence for a stronger absorption 
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Fig.. 1: H /i-profile of HD 153919. The observed profile is indicated by 
thee full line; the crosses represent the theoretical profile 
forr the model with Teff = 35000 K, logg = 3.3 and velocity field 
v{R)v{R) = 350(K/K„  - l ) u- " [km/s] and mass loss rate 2 x l 0 " M Q / y r 

-K»» -5 0 5 10 AX(A) 

Fig.. 2. He i4471 profile of HD 153919. The observed profile is 
indicatedd by the full l ine; the crosses and the dots represent the 
theoreticall  profile for the model 7"cff = 35000 K, logg = 3.3 with 
velocityy field u{R) = 270(R/R, - 1 ) ° " and v{R) = 350(K/K„ - 1)° " 
|| km/s J, respectively,and mass loss rate 2 x 10" 6 and 2.8 x 10" 
respectively y 

'' M0/yr, 

componentt at phases 0.50-0.65, i.e. half a period after 
thee X-ray eclipse. This effect is more pronounced for 
HH P and He 14471 than for He I 5876, where the number 
off  red plates at our disposal is too small to decide 
whetherr the effect is truly present. A more detailed 
studyy of the variation of the line profiles on supplemen-
taryy plates will be undertaken in future. 
Forr the velocity profile we used a simple power-law 
functionn of the distance to the stellar surface: 

r (R)= i>o(K/K, - l ) " " (1) ) 

Thiss type of outward increase of the outflow velocity is 
confirmedd by the observations (Hensberge et al., 1973) 
andd is also observed in other stars with expanding 
atmospheress (Hutchings, 1968). Equation (1) seems a 
goodd approximation for the regions of the atmosphere 
whichh contribute to the formation of the line profiles. 
Forr the H fi profile the best fit  was obtained with the 
followingg parameters: 

i'oo = 350 km/s and a = 0.25. 

Itt appears that the same parameters can be used to fit 
thee He i profiles, however combined with a slightly 
differentt rate of mass loss. If we use the same rates of 
masss loss for the three profiles, we can also obtain 
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Fig.. 3. Hei5876 profile of HD 153919. The observed profile is 
indicatedd by the full line: the crosses represent the theoretical profile 
forr the model Tt„  = 35000 K. logy = 3.3 with velocity field 
[>(/?)) = 4\0(R/Rt- If"  [km/s] and mass loss rate 2x 10 " M,, yr. 
Thee dashed line indicates the profile that was observed on some 
platess and which was not fitted by any theoretical profile 

reasonablee fits for the Hei lines with different values of 
vv00 for each profile (see Figs. 2 and 3). 
Thee populations of the ionization stages of hydrogen 
andd helium in the layers above the photosphere are 
controlledd by radiative processes, rather than collisional 
ones.. This can easily be checked from the expressions 
forr the ratio of the ionization rates for these two 
processess (cf. Böhm, 1960). Therefore, we used the ioni-
zationn equilibrium equation given by Eq. (14) of Lucy 
andd Solomon (1970). The radiative recombination co-
efficientss a„  to state n, used in this equation, were taken 
fromm Burgess and Seaton (1960). These authors used 
hydrogenicc data for L ^ 2 , but make allowance for the 
non-hydrogenicc character of the HenS and nP states. 
Thee 'He I- and 3Hei-states were considered as separate 
modell  atoms because the dominant process for singulet-
triplett transition works via the continuum (Auer and 
Mihalas,, 1972). We assumed that the excited levels of 
interestt are mainly populated by radiative recombina-
tionss to these levels. A rough estimate of the populations 
off  the excited levels in a two level atom with continuum 
showss that for a high degree of ionization—as is the 
casee here—it is a good approximation to neglect 
photoexcitationn from the lower level. If one changes 
thee population of the excited level of interest with 10% 
off  the total number of  3Hei- or H i-particles, respec-
tively,, the intensities of the line profiles remain the same 
withinn about 5%. 
Thee electron density was derived from g{R) by assuming 
"ee = "H + nHe> w ' t n a standard chemical composition 
iHe/"HH = 0.10 (cf. Auer and Mihalas, 1972). 
Thee effective temperature and gravity of the star were 
adoptedd to be 35000K and logy = 3.3 (cf. Conti. 
1973).. Also a model with Teff = 40000 K and logy = 4.0 
wass tried; for this case the rate of mass loss required 
too explain the observed profiles is somewhat larger (see 
Sectionn 4). However, as a study of Of stars by Heap 
(1971)) supports the model with the lower gravity we 
expectt this model to give the best results. 
Ann electron temperature of 25000 K was adopted for the 
modell  with Teff = 35000 K, logy = 3.3 (for the model 
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withh Teff = 40000 K, log3 = 4.0 we used 7e = 28000 K). 
Thee results appear to be very insensitive to changes in 
TTee::  a change of 3000 K in Te gives less than 1% 
differencee in the values of the line intensity. 
Thee most critical parameter affecting the ionization 
equilibriumm is the radiation temperature TR at the 
ionizationn edges of Hei, Hen and Hi, respectively 
(i.e.. at U. 504 A, 228 A and 912 A, respectively). These 
temperaturess were calculated using NLTE-model 
atmospheress of Mihalas (1972) for the model 
TTeffeff = 35000 K, log g = 3.3. The derived radiation tem-
peraturess are the following: 

T^Hei)) = 35 500 K (38 200 K), 

T^Hee 11) = 23 500 K (27100 K), 

T^Hi)) = 31100K (32300 K), 

wheree the values for the model Teff = 40000 K, 
logg g = 4.0 are given in parenthesis. It should be noted 
heree that a reduction of TR in the ionization 
equationn implies a reduction of the rate of mass loss 
thatt is required to obtain the same theoretical line 
profile. . 
Thee photospheric radius of the star was adopted to be 
200 RQ (cf. Wolff and Morrison, 1974). 

4.. Comparison with the Observations 

Forr H /? the best fit  of the theoretical profiles with the 
observedd profile was obtained for a rate of mass loss of 
2xx 10_6M o/yr and the velocity parameters given in 
Sectionn 3. [For the model Teff = 40000 K, log# = 4.0 a 
ratee of mass loss of 2.3 x 10"6M o/yr was required to 
givee the same profile.] The observed profile together 
withh the best fit  theoretical one obtained from the 
indicatedd model parameters is plotted in Fig. 1. The 
variationn with R of some of the important model 
parameterss (velocity, velocity gradient, density, number 
off  scattering ions), is given in Table 1. We tried 
mostlyy to fit  the far blue and red wings of the 
profile,, as the fit  of the line center is probably not 
accuratee (see Section 2). 

Tablee 1. Parameters, variable with radius, used in the theoretical 
H/ï-profil ee (plotted in Fig. 1) for  a mass loss rate of 2 x x 10"6 M 0/yr 

R/R* R/R* 

1.001 1 
1.1 1 
1.2 2 
1.3 3 
1.4 4 
1.5 5 
2.0 0 
3.0 0 
5.0 0 

10.0 0 

LOG[r(K) ] ] 

6.794 4 
7.294 4 
7.369 9 
7.413 3 
7.445 5 
7.469 9 
7.544 4 
7.619 9 
7.695 5 
7.783 3 

LOGG [dvldR] 

-2.954 4 
-4.454 4 
-4.680 0 
-4.812 2 
-4.906 6 
-4.978 8 
-5.204 4 
-5.430 0 
-- 5.656 
-- 5.920 

LOGG [<?(«)] 

-12.085 5 
-12.667 7 
-12.818 8 
—— 12.931 
-13.027 7 
-13.111 1 
-13.436 6 
-13.864 4 
-14.382 2 
-15.073 3 

LOG[ni ( ( 

-7.983 3 
-8.351 1 
-8.386 6 
-8.407 7 
-8.422 2 
-8.435 5 
-8.481 1 
-8.539 9 
-8.606 6 
-8.691 1 

Thee He 14471 profile can be fitted reasonably by the 
followingg parameters: 
y(R)=350(R/R*-l)0-25;; dMjdt = 2.8 x 10~6Mo/yr 

and d 
v(R)v(R) = 210(R/Rm - ; dM/dt = 2.0 x 10~6 Af0/yr. 

[Forr the model with Teff = 40000 K, log g = 4.0, rates of 
masss loss of 6.5 x 10~6Mo/yr and 4.6 x 10"6Mo/yr, 
respectivelyy have to be taken.] The profiles are plotted 
inn Fig. 2. 
Onee of the observed He 15876 profiles around X-ray 
eclipsee time can be fitted with the following parameters 
(Fig.. 3): 

v(R)v(R) = 410(R/R„  - I ) 0 2 5; dM/dt = 2.0 x 10~6 MG/yr. 

[Anotherr profile observed at this phase cannot be fitted 
withh any combination of the parameters, as the total 
widthh of the absorption part of the profile is too small 
too fit  it with any reasonable model of outflow.] 
Thee theoretical profiles were compared with the observ-
edd ones by shifting them along the wavelength axis. 
Thiss way of fitting had to be applied because of the poor 
accuracyy with which the stellar heliocentric velocity is 
knownn for this star, due to the expansion of the 
atmosphere.. For the three profiles we applied the same 
velocityy shift, as the observed absorption cores show the 
samee radial velocity (Hensberge et ai, 1973). From Figs. 
1,, 2 and 3 can be seen that the use of the same 
velocityy shift gives indeed a good fit with the 
observationss for all three lines. 

5.. Discussion of the Results 
Thee high mass loss rate of about 2 x 10"6 MQ/yr which 
wee need to explain the observed profiles does not 
agreee with rates theoretically predicted from radiation 
pressuree for "steady-state" atmospheres, by Lucy and 
Solomonn (1970) [for this type of star ~2x \0~9 MQ/yr]. 
However,, the rate does agree with the estimate obtained 
byy Hutchings (1974) for this star from comparison with 
otherr Of stars. It is also compatible with observations 
off  other early type stars. Morton (1967) found mass 
losss rates of ~ 1 x 10 6 M©/yr for OB-supergiants from 
profiless of ultraviolet resonance lines. These stars do not 
showw P-Cygni type profiles in the visible spectral region 
(exceptt for Ha). The star P-Cygni itself, however, has 
alsoo this type of line in the visible spectral region, and 
hass the much higher mass loss rate of about 10" 4 MQ/yr 
(Pottasch,, 1970). 
AA mass loss rate of 2x 10"6Mo/yr is in the correct 
rangee to explain the observed X-ray intensity of the 
companion.. We note that the shape of the X-ray intensity 
curvee before the eclipse as well as the long duration of 
thee eclipse itself (Jones et al., 1973) indicates that 
absorptionn of X-ray radiation by a strong stellar wind 
takess place. For an X-ray luminosity of 1036-1038erg/s, 
ann accretion rate of around 10"9 M0/yr is needed for a 
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compactt companion of a few solar masses (Davidson 
andd Ostriker, 1973). To obtain this accretion rate as a 
consequencee of mass loss from the Of star at a rate of 
aboutt 2 a 3x 10~6Mo/yr, one needs—according to 
Davidsonn and Ostriker—a value of e = v^J2vl(a) of 
0.88 for r}  = a/R+ = 1.5 a 2.0, where a is the separation 
off  the two stars and vw and vesc are the outflow velocity 
off  the wind and the escape velocity from the Of star, 
respectively.. The applied ^-value follows from the system 
parameterss (Wolff and Morrison, 1974). For £ = 0.8 and 
t]t]  = 2.0 we calculate a wind velocity vw(2R+) — 420 km/s 
att the height at which the X-ray component is moving 
throughh the Of star atmosphere. 
Thiss velocity agrees quite well with the value at that 
layerr derived from the velocity profile which we used in 
ourr calculations. 
Thee high expansion velocities deduced from the P-Cygni 
profiless of non-resonance lines in the visible spectral 
regionn of HD 153919 make it highly desirable to 
investigatee the behaviour of resonance lines in the 
ultraviolett spectral region. 
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