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1. The Observations 

The rocket spectra taken by Morton et al. (1967) were used as a basis for the investiga
tion. These are in the far ultraviolet region of the Orion supergiants d, e, £ Orionis. 
Because of the similarity in spectral type and luminosity of these stars and the great 
strength of the shifted resonance lines it was possible to derive a mean P Cygni profile 
(standard error 5 % of the continuum) representing a typical single ultraviolet resonance 
line for a star of spectral type ~ B 0 , Mv~ — 6.2. This is the 'observed' mean profile in 
Figures 2 and 3. 

2. Line Profile Calculations 

Profiles were calculated for models of extended envelopes similar to those derived 
for the very high luminosity stars with higher mass loss (Hutchings, 1968). Only 
Doppler-broadened radiative and scattering interactions are included, and the integra
tion is performed out to several radii from the stellar surface. An accelerating velocity 
field is necessary to produce the extreme P Cygni profiles observed and the line shape 
is dominated by the form of the velocity field and the dependence of the resonance 
line ion density on height above the star. Proceeding empirically it became evident 
that the density-height relationship differed considerably from that expected from 
LTE considerations, and an optimum profile fit was obtained with the velocity field 
(1) and the shell density relation shown in Figure 1. It is seen that the resonance line ion 
population (primarily Siiv and Civ) increases outwards for a considerable distance 
from the stellar surface. The profile calculated is still not a good fit to the observations, 
but is improved greatly by the addition of a 'zero height line profile' at the base of the 
envelope, which accounts for the absorption line formed by the low-lying higher 
density layers of the atmosphere. This zero height profile was taken from calculations 
found in the literature. The initial and improved calculated profiles are compared 
with the observed in Figure 2. 

3. Radiative Acceleration 

Using the velocity field derived we may calculate the number of radiative excitations 
undergone by a typical resonance line ion at different heights as it passes out through 
the extended envelope, taking into account radiation dilution and the absorption line 
strength between the ion and the surface. From the limb darkening and the solid 
angle subtended by the photosphere at different heights, the net absorption of outward 
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momentum by the resonance line ions can be derived. The ratio of momentum 
absorbed to acceleration produced is seen to increase and level off in the outermost 
layers of the envelope. Assuming that the acceleration is produced by the radiation 
in this way, it is possible to calculate the rate of collisional de-excitation of the reso-
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Fig. 1. Velocity a n d resonance l ine i on densi ty as a funct ion of height . Velocity in k m sec 1 ; density 
in a rb i t ra ry uni ts p r o p o r t i o n a l t o n u m b e r of ions in a shell of c o n s t a n t th ickness . 

• ZERO 

Fig. 2. Observed a n d c o m p u t e d profiles (radiat ive de-exci ta t ion only) . 
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Fig. 3. Observed and c o m p u t e d profiles t ak ing in to accoun t col l is ions. 

nance line ions as a function of height, and hence to derive the density of the total 
atmospheric mass as a function of height. From this the acceleration of the entire 
atmosphere by transfer of momentum from the radiation, via the resonance line ions, 
to the atmosphere as a whole, is calculated. The mean total density out to some 4 
stellar radii is high enough that the whole mass must have the same velocity, so that 
the entire calculation described in this section has to be iterated until the resonance 
line ion and total velocity fields are the same out to this height. This results in the 
velocity field (2) in Figure 1, a mean total density similar to that derived for the high 
mass-loss stars, and an atmospheric structure whose mass-loss rate is the same at all 
heights. 

A check on the self-consistency of the entire argument is obtained by calculating 
the resonance line profile with the new velocity field, and including the derived rate 
of collisional de-excitation. This is shown in Figure 3, and it is evident that a very 
satisfactory fit is achieved. It is therefore proposed that the atmospheric structure 
derived is a valid crude representation of the envelopes of the stars observed. 

4. Mass Loss 

At present it is not possible to fix a zero point to the density of the expanding atmos
phere, from the resonance line calculations. However, high-quality ground-based 
observations are available of the Ha line in these stars and this line shows a weak 
P Cygni profile in the mean (it is variable) with a velocity displacement of some 
— 150 km/sec. Previous calculations of Ha profiles (Hutchings, 1968) have indicated 
the density and radiation dilution at which this line starts to show emission, and fixing 
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these figures to the derived velocity field provides a crude mass-loss rate of some 
1 0 " 6 M 0 /year . This figure is in agreement with that derived by Morton et al., and is 
consistent with the higher values derived for the higher luminosity OB stars studied. 
It is therefore suggested once again that radiation pressure is responsible for the mass 
loss from massive early-type stars. 

(A full account of this work will be published in Monthly Notices Roy. Astron. Soc. 
in due course.) 
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Discussion 

Solomon: in any mass loss by rad ia t ive accelera t ion, the m a x i m u m ra te of mass loss is de termined 
by the m a x i m u m m o m e n t u m avai lab le in the rad ia t ion which is do ing the accelera t ion . In the case 
of resonance line r a d i a t i o n this is the m o m e n t u m in a l ine-width when t h e flow is a t the sonic poin t . 
F o r O and B supergiants this a m o u n t s to a b o u t 2 x I O - 8 MQyr~l. Therefore the rates quo ted by 
Hu tch ings of I O - 6 MQ y r _ 1 v io la te t h e conserva t ion of m o m e n t u m . 

T h e mode l s you presented have been fitted with H a observa t ions to de t e rmine abso lu te values of 
t he densi ty a t a pa r t i cu la r veloci ty wh ich t h e n gives t h e mass loss ra te . However , if instead of Ha, 
t he densi ty is de te rmined by s o m e o the r i on such as N v ( tha t is, t he e lec t ron densi ty is fixed by the 
recombina t ion ra te necessary t o give the observed N v ) t hen the mass loss r a t e will be m u c h less t han 
I O - 9 MQ y r _ 1 . Th i s m a k e s it imposs ib le to de te rmine the mass loss r a t e in th is m a n n e r since a large 
discrepancy of a factor of 1 0 3 is present in t rying t o reconci le two observed lines. 

Hutchings: T h e observa t iona l resul ts presented at th is mee t ing have s h o w n tha t there is no t only 
o n e line which causes the a t m o s p h e r i c accelera t ion . In the case of the O r i o n superg ian ts there are six 
well established shifted lines a n d t o j u d g e on the results of Smi th , w h o has found oxygen and su lphur 
l ines as well, the a s s u m p t i o n m a d e in m y paper of 10 lines seems a r easonab le one . I a m no t clear 
h o w wide a l inewidth is in S o l o m o n ' s t e rminology but should poin t ou t t ha t these lines have abso rp 
t i o n widths of some 10 A. S o l o m o n ' s figure of 2 x 10~ 8 M Q y r 1 shou ld then be increased at least t o 
2 x 10 7 for the O r i o n s tars , a n d in t h e case of m o r e luminous s tars or s tars wi th P Cygni character
istics t h roughou t the spec t rum, to I O - 5 o r higher. Whi le the zero po in t of my mass- loss figures leaves 
someth ing t o be desired I d o no t th ink they violate the conserva t ion of m o m e n t u m as suggested. 

T h e fact tha t t he mass loss ra te is so m u c h lower as ca lcula ted from the high-energy ion recombina
t i o n ra tes serves t o emphas ize t w o po in t s . Firs t ly t ha t n o n - L T E equi l ib r ia app ly in these extended 
envelopes , as is obv ious from the ionisa t ion-height re la t ions , and secondly tha t mos t of the m o m e n t u m 
is t ransferred from the h igh energy ions t o the remainder of the a t m o s p h e r e by col l is ional in teract ions . 

Underhill: In t he case of Wol f -Raye t s tars a wide range of exc i ta t ion is often seen a m o n g the emis
s ion lines a n d it is suspected t h a t th is is d u e to col l is ional exc i ta t ion f rom high-energy part icles 
emi t t ed from the p h o t o s p h e r e . Migh t no t such a process be i m p o r t a n t in t he s tars y o u a re discussing? 

Hutchings: In the O r i o n superg ian ts t h e densi ty of the ou te r envelope is low a n d col l is ional excita
t i o n is p robab ly u n i m p o r t a n t . I t m a y be far m o r e i m p o r t a n t in s ta rs wi th g r e a t e r mass loss such as 
t h e Of a n d W - R s tars . A s far as the re la t ive popu l a t i on of high-energy ions is concerned there is n o 
satisfactory theoret ical a p p r o a c h a t present . W e mus t therefore s imply accept t h a t t h e popu la t ions of 
several high-energy ions reaches a peak in the ou te r layers (2 -5 R * ) , p resumably , p r imar i ly by radia t ive 
processes. 

Deutsch: If m a t t e r flows u p t h r o u g h the base of the a t m o s p h e r e , it will t r anspo r t m o m e n t u m which 
is add i t iona l to you r r ad ia t ion l imit of Lie2. 

Hutchings: At present t he sole mechan i sm of accelera t ion cons idered is m o m e n t u m transfer from 
t h e resonance lines. T h e Lie2 l imit appl ies t o each l ine which con t r ibu te s t o th is process, so that we 
m a y increase the l imit by the n u m b e r of l ines. In the ex t reme case of P Cygni there may be an accelera
t i on mechanism act ion t h rough some hundreds of spectral lines. 
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