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Abstract

We present the results of calculations of radiation driven stellar winds in O-B stars. The equations
ol conservation of mass and momentum are solved self consistently with the equation of line transfer.
The influence of radiation pressure in the line on the outward momentum of the outer layers of the O
and B type stars is investigated assuming an isothermal Iydrogen atmosphere. Lines in Lyman, Balmer
Paschen, Brackett series are used to calculate the line radiation pressure assuming 10 levels of H. We
have considered realistic stars by using their observational data. In addition to the radiation pressure in
the lines we have taken into account the electron scattering and the continuum radiation is neglected.
We employed Saha equation for estimating the ionized H atoms and Boltzinann equation for calculating
the occupation numbers in different stages of excitation. We have applied a non-LTE two level-atom
approximation to solve the line transfer for the purpose of calculating the radiation pressure in the line.
The eflects of radial velocity gradients, transverse velocity gradients, aberration and advection have been
taken into account in the calculation of radiation pressure in the lines. We have applied this theory to
several stars making use of their observationally derived temperatures, masses, radii and mass loss rates.
We have derived the ionized fraction of the hydrogen atoms, electron density, the population density in
different states of excitation, thermalization parameters, ralial optical depths, the line radiation pressure
due to combined effect of Lyman, Balmer, Paschen and Brackett lines upto 10 levels.

The system of equations converge in 4 to 5 iterations. The convergence to the desired terminal
velocity depends on the initial conditions of the iteration, particularly the velocity in the first iteration.
The computed terminal velocities are compared with the observed terminal velocities. Using the mass
Joss rates and the newly derived velocity, new density distribution in the wind is obtained.
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1. Introduction

* Mass loss in early type and late type stars is a well known phenomenon. This has a profound eflect
on the evolution of stars. P Cygni profiles (Beals, 1929) are indications of the material being lost to the
star. Morton (1967) observed several lines in ultraviolet part of the spectrum which indicated the loss of
mass in the outer layers of the stars. Infrared and radio observations also reveal mass loss (Barlow and
Cohen 1977; Abbott et al. 1980; Abbott et al. 1984; Lamers and Waters, 1984; Bertout et al., 1985).
In early type stars, the mass loss rates vary between 10~ to 10”7 Mg /year (Garmany 1988). The stellar
wind problem is a highly complicated phenomenon. It is influenced by the type of energy generated,
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radiation field, magnetic field, rotation, pulsation, turbulence in the outer layers where the wind becomes
prominent, corona, tidal effects due to the presence of the companion in a close binary system, scattering
of radiation (diffuse, back scattered radiation etc). Furthermore, the fundamental parameters such as
mass, radius, temperature and composition would effect the wind generation profoundly. The ionization
pattern throughout the outerlayers (where the wind forms) plays an important role in furthering the wind
velocities.

Lucy and Solomon (1970) showed that in O stars radiation force in a line is more powerful than the
force due to gravity. Castor et al. (1975), henceforth called CAK in a fundamental paper showed that
radiation force is indeed a very powerful force in producing stellar wind. Further important results have
been worked out by Abbott (1982), Pauldrach et al. (1986), Pauldrach (1987), Pauldrach et al. (1990),
Blomme (1990a,b) Blomme, Vanbeveren and Van Rensbergen (1990), Blomme, Van Rensbergen (1988)
and others. In CAK, the line force was calculated by CIII lines only while Abbott (1982) has included sev-
eral lines. However several discrepancies remained unresolved between theory and observations. Sobolev
approximation and radial streaming approximation are to be replaced by correct estimations of radiation
field (Weber 1981, Leroy and Lafon 1982, Abbott 1986). Many other points are discussed in Pauldrach
et al. (1986) and Blomme (1990a).

The effects of diffuse radiation is not considered in a consistent way. In the extended region of the
outer layer, the high velocities produce effects such as radial, transverse velocity gradients, aberration
and advection. These will change the radiation ficld considerably (Peraiah 1991). As it was shown that
line radiation plays the most critical part in the stellar winds of O and B stars, it is necessary to calculate
the line radiation correctly.

We have solved the equations of conservation of mass and momentum self consistently with that
of the equation of radiative transfer. We have assumed an isothermal, spherically symmetric, hydrogen
medium. The population densities are calculated using Saha-Boltzmann formulation. The primary aim
of this paper is to derive the terminal velocities of the winds in O and B stars.

2. Procedurec and Results

The equation of momentum in a steady state and spherically symmetric medium is given by (Paul~
drach et al., 1986)

do(r) 1 dp(r) GM .
v(r) o T o) dr T + Grad (1)
the equation of mass is given by
M = 4xr?p(r)v(r) (2

and the radiative transfer equation is given by (Peraiah, 1991)

oU(r,po,x) 1 —pd r dy 4 OU(r, po, ) 2% 9 o dy
(ko + 1) Br ‘+ - [1+ poy(1 — ;-E:)]T-}. {3[;(1 -—uo)+uodr]
2( 160 + v’ dv' | U " y v |
-2 +7) - DY r, por ) = [0 - ) + 135 —%ﬁ‘ﬁ + K1 (r)[S(r,2) = U(r, o, 2)]

Various symbols in the above equations are explained below:
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r = radius of the star (cm)

p = density (gr cm™?)

v = bulk velocity of the medium (cm s™?)

M = mass of the star (gr)

M= ‘%‘{- = rate of mass loss (Mg /yr or gr s71)
G = Gravitational constant (cm3 gr=! s72)

P = pressure (gr cm™! s72)

U = Arr?I(r, po, x) | ‘ (4)

I(r, po, =) = specific intensity (ergs cm™2 57! st~! hz™1)
y=uv/c

¢ = velocity of light (cm s7?)

v =v/uy

vep = thermal velocity (cm s™1)

ﬂ)m

'Uth=( ,
1

where k is the Boltzmann constant, T" is the temperature and m; is the mass of the ion.

H="
1 — py

to =

(5)

j+ = cosine of the angle made by the ray with the radius vector (spherically symmetric geometry is
assumed)

V—UY

- AVD (6)

Avp = Doppler width (hz)

Avp = vy(ven/c)

v = frequency point in the line (hz)

vy = central frequency point (hz)

K (r)= absorption coefficient (cm™!)

S(r,z) = source function given by (ergs cm™2 s~! hz~! ster™)

@(x, pig, 7)SL(r) + B'Sc(r)

S(@ po,r) = B + ¢(z, po,T) @)

&(z, pso,) = profile function.

B’ = ratio of absorption coefficient in the continuum to that in the centre of the line.
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St = the line source function given as

1—c¢

j:w fjl I(z, ', r)o(a")de'dpd + e B, (T'(r)) (8)
S, = the continuum source function, (ergs cm™2 S~ Hz™! Ster™?!) given as

Se = p'B,(T(r)) (8a)
B,(T(r)) = Planck function (9)

p' = the suitable factor such. as dilution factor.

¢ = the probability of a photon being destroyed (thermalised) per scatter by collisional de-excitation.
grad = radiation force term (cm s72)
froa = s omosTly ) +ar [TxEOF v+ +an Y [ bFKmS] (10)
all lines
orr(r) = Thompson scattering coeflicient (cmn?)
N,(r) = electron density (cm™%)
op = Stefan-Boltzmann constant (erg cm?s~1deg™4)
T.sr = effective temperature of the star (deg, K)
x$ = continuum absorption coefficient (em™?)
x% = line absorption coefficient (cm~1)
F¢ = continuum flux (ergs cm™2s~1hz~1)

FF'= Eddington line flux (ergs cm™2s~1hz"1)
F, =3 f_+1 I()pdp

We have derived the difference equation corresponding to the cquations of mass and momentum.
The transfer equation is solved using the method described in Perajah (1980, 1991).

We shall choose the radial mesh with {r;}{i=1,2,...N;r;; > r;} with r equal to the radius: of
the star. Similarly we represent p,v on this mesh. The quantities Ar,r, Ap, p, Av, v are represented b@”

Ar=r;—r1i";
Ap = pi — pi
Av = vy — v
AT =T; - T
r=(ri1+7)/2
p = (pi-1+p/2

0 (17,-4 -+ ‘U,‘)‘/z



Stellar Winds in O and B Type Stars: llydrogen Atmosphere 19

T =(T,-1+T)/2. (11)

We shall write
P(r) = N(r)kT(r) (12)

where NV is the particle density and k is the Boltzmann coustant. Therefore

dP(r dN(r dT'(r
0 2D 4y 0y (13)
or
dP(r) = k{T(r)dN(r) + N(r)dT(r)}. (14)
Equation (13) can be written in the diffcrence form
Tia+T, Ni.1 + Ny,
P.— P =k{(—— 1 )(N.'—-Ni—l)+(—'-l2—-‘—)(ﬂ~7}—1)}
which simplifies to
P, — Pi. 1 = k(T\N, — Ti-1Nj-)). (15)
Let us write
. +00
R=4r / x* FLdy (16)
o0
then
R, = (R, .1+ 11’,)/2 (17)

We can rewrite the equation momentum in its dilference equivalent as,

(7-’:' + v 1)("-’1 - 4. 1) — 2k (NT; = N,-1T;-1) _ 4G M
2 Ti—Ti-1 T+ picr)  (i—ricn) | (ri—Tia)?
2 Nf+ NE

Doraos(

17,4+ T, + R,
_._.___..___) + E‘__.___l] (18)

r(p. + pi-1) [( 2 2 2

which reduces to

4k 8GM
2=l e (N = Ny Thy) = e (75 =T
§ = 0 (pi-1 +Pi)( 1T) (ri-1 +T:)2( )
L rimne) o] [=oraop(NE, + NE(Tio1 + T + 2(Riy + ). (19)
C(Pr-.l +p,) "8

We have considered an hydrogen atmosphere. We need to find the jonized and neutral hydrogen atoms.
For this purpose we use Saha equation of ionization given by (see Aller 1963)
N 5040 200 (T)

log~— P, = ———1I + 2.5logT — 0.48 + log

NO II‘V l.]() (71) ) (20)

where N is the number of ionised atoms, Np is the number of neutral atoms, P, is the electron pressure,
and U7;(T) is the partition function of the ionized atoms and Uy(T) is the partition function of the neutral
atoms, I is the ionization potential in eV. The calculation of the partition function is somewhat difficult.

The partition function U; = 1 in the ionized hydrogen atom and [y can be taken equal to 2 at cooler
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temperatures as the number of atoms in the higher states of excitation are very few compared to those
in the ground state (see Bohm-Vitense 1989). The simplest approach is to use the formula (Aller 1963)

UAT) = giy + gige ¥/ 4. = Z gipe i /KT (21)

where g is the statistical weights, x, is the excitation potential of the rth state of excitation.

However, this neglects the collisions among particles. The distance between the particles fluctuate
randomly so that the orbits perturb and eject the electron before an actual interlocking of the orbits
occur. We shall use the method of calculating the partition function as described in Aller (1963). The
expression for the partition function is

U= Z pigje /T (22)
J
where p; is the probability that the 3* level is occupied at the density under consideration. Further,

P; = e €@ p,n’o (23)

where 0 = 5040/T,C(z) = 1.927 x1071° for Z = 1 for neutral atoms. In equations (20) and (23), the
quantity P, is common. Unless we know P, we cannot calculate the Saha equation and the partition

functions Up. For hydrogen, the ionized atoms consists of equal number of protons N, and electrons Neg.
Therefore,

N, = Np = N; = Number of ionized atoms. From Saha equation (20), we can write,

N} 5040 20h(T)
log—£ = - i 1
o5 logkT T I +25logT — 0.48 + log UU(T) , (24)
where we have put P, = N kT
Equation (24) reduces to
N, 2520 1, 2U(T)
log—2 = 7.69 — 1 Ty
I 7.69 = I +0.75logT + = log To(T) (28)
We solve the equation (24) without the last term on the R.IL.S. Let
N, = N,. - (26)

The density p.is given by
p = Npmp + Nom, + Nome + Nem,
= mp(No + Np) + me(Ny + N,)
or o
2= No + Np)(my +m,)
where m, andisn,; are masses of protomandielectron respectivel&.
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But m, >> m,, therefore,

or
p
No+ Np = —. (28)
bomy
The ratio %‘;- is obtained from Saha equation (24).
Let
and N
__p — D
A b (30)
from which we obtain
a
No = TT5 (31)
ab
No=11% (32)

Using equations (26) and (32) we compute the electron pressure and this is used to compute the paftil.ion
function in equation (22). Using this result, we go back to Saha equation (24) to calculate the quantity
%ﬁ this time including the last term on the R.I.S of equation (24) which contains the partition functions.
New electron density is obtained and this is used to calculate new partition functions. The calculation
converges in 3 to 4 iteration to an accuracy of 1%. We have given a sample calculation U,(T") in Table 1.

Next step is to calculate the population densities in diflerent stages of excitation. For this, we use
Boltzmann equation (see Aller, 1963)
Nr gf‘
log— = —-0x, + log=— 33
Ny i N (33)
where N,,x, and g, are the number of atoms, excitation potential and statistical weight of the r** state
of excitation respectively. N and g; arc the number of atoms and statistical weight of the ground state
respectively. ‘

We need to find Ny, NV, ete. Let
No=N;+ Ng+ N3z +... (34)

where Ny is the total number of neutral atoms and Ny, N, etc are the number of atoms in 1st, 2nd states
of excitation. Let =

Ny Ns Ny

a = Z——\-r—l-, ay = N az = N ete. | (35,
Then N Ny | |
N°=N1+TV_;N1+N;M+"' | (36
=NMl+a1+a+a3+...)
or

‘No=N;A (37
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where we have written

A=14+a1+ay+az+... (38)
Then from (37) and (35), we obtain N,
Ny = -
Ne = Nqa,
N3 = Njaq, etc. (39)

Table 1. Computed values of [lo(T') for a density of p = 103 (grem3)

Temperature (K) 2 Ne(= N,)(em™?) lo(em 3)
10,000 0.0023 ~ 1013 1.878 x 104
15,000 0.44 ~ 10" 1.362 x 104
25,000 29.16 ~ 1013 9.211 x108
30,000 83.24 ~ 108 8.021 x10%
40,000 308.93 ~ 1013 6.151 x10°
50,000 678.59 ~ 1013 5.151 %103

We require to calculate the radiation pressure in the lines. As we assumed that the atmosphere
consists of only hydrogen, the calculation of occupation numbers become easy and the radial optical

depths can be calculated immediately for the purpose of solving the radiative transfer equation. The
steps we take are as follows:

(1) Given.the radius, mass, mass loss rate, temperature (these are obtained from observations), calculate
the density by using the thermal velocity (v) throughout the medium, from the relation (sce equation
(2))

p(r) = M/4nriuy, (40)
(we are using gram-centimeter-second system throughout, M in gr sec™!, r in cm, v in ¢m sec™! or in km
sec”!, pin gr ecm™3). There is good amount. of uncertainty in choosing v = u,, in the equation (40) for

starting the iteration. If this does not give expected vo, (= terminal velocity) we change Usnaiar, 80 that
we reach v,,.
(2) As the atmosphere consists of only hydrogen atoms, we get the total number of-H atoms per cm™®
by dividing p by m,(= 1.602 x 10" gr). Therefore we obtain,

Ny = p/1.602 x 10~24em 3, »{m
We need to calculate the densities of neutral atoms and ionized II toms, that is, Ny, Ne, Ng. These are
calculated following the procedure described in equations (20) to (39) using Saha equation. Further we:

need to calculate the N, the number of atoms in the rtt state of excitation so that

Np = Z N,. (a2
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These quantities are calculated by following the procedure given in equations (34) to (39) in which
Boltzmann equation is used.

(3) From the quantities Ny, N ... calculated above, we need to estimate the absorption coefficient in the
lines. We choose ten levels of the H atom and the lines are calculated in the Lyman, Balmer, Paschen
and Brackett series. The line centre absorption coefficient is calculated using the formula

2
L el ma
X, mec Avmhrn' 1 n; gj) : (43)

where e and m, are the electronic charge and mass respectively, c is the velocity of light, g the statistical

weights, n the occupation numbers and f;; is the f-value of the transition from itk level to j** level. Avp
is the Doppler width.

(4) We need to solve the equation of transfer in (3). We use a Doppler profile function given by

B(z) = %e (44)

The equation (3) is solved in the comoving frame (Peraiah 1980, 1991). As we are not considering the

continuum, we set ' = 0. The quantity ¢, the thermalization parameter is calculated by the expression,

__ Ciji

- 253 —'1
Cji + Aji [1 - exp(—%’f—)]

where Cj; is the collisional transition rate from level j to i. Aj; is the Einstein coefficient of spontaneous
emission. The quantity Cj; is given by ’

(45)

fj,'

Cji = 2.7 X 10‘1°a51'68T'3/2AJ-,-()I<—H)2Ne (46)
ij
(see Jefferies 1968, Mihalas 1978),
where Iy is the ionization potential of hydrogen, x;; is the excitation potential from level j to i and
ap = xo/kT. 47

The quantities fij, Aj; are taken from Wiese et al. (1966). By solving the equation of transfer we obtain
the specific intensities I(r, i, x) which are used to calculate the Eddington flux, F, by using the formula,

1 +1
R =5 [ Lt udn (48)

We calculate the fluxes in all the lines and compute the last term

4r 00
co(r) > f X, (r)Fy (r)dv

all lines”°

on R.H.S in equation (10).

(5) next step is to calculate the first term, the term due to electron scattering, on the R.H.S. of equation
(10). The electron density is obtained from the calculations described in step (2). It is assumed that this
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term is changing as 1/r2 although the temperature remains constant. Thus we complete the calculation
of the radiation term gr,q.

(6) The calculation of the pressure and the gravity terms is fairly simple. The pressure is by the equation

(12). The number of particles is taken to be the sum of the number of protons, electrons and neutral
atoms.

(7) In the first iteration of solving equation (19), we assume a constant velocity for v;_; in the first term.

This quantity is uncertain and it appears that the rate of convergence (number of iterations) and the’
converged terminal velocity are critically dependent on this initial velocity. We always choose the v, as

the starting velocity and if we do not obtain the expected vy, we change the initial velocity and start

another iteration. This process is continued until we obtain the desired v,,.

We have considered several OB stars whose observational data of masses, radii, mass loss rates, v
are known. We have drawn the data from three sources Blomme (1990a), Abbott (1978) and Pauldrach
et al. (1986). There appears to be a large variation in the data of temperatures, masses, radii, Voo,
mass loss rates etc. Abbott (1978) gives vege and not vy, while Pauldrach does not give mass directly
and we calculate the masses from the given data of log g and radius. Blomme (1990a) gives the data
on temperatures, masses, radii in the Table II.1.1 on page 42, vy, in the Table 11.1.4 on page 53 and
mass loss rates in the Table I1.1.6 on page 62. le gives highest and lowest mass loss rates. He collected
the data (according to his references) from Underhill et al. (1979), Mendoza (1958), Conti and Leep
(1974), Hiltner et al. (1969), Johnson and Morgan (1953). We have generally adopted the data given
by Blomme (1990a). We have quoted the data from the above three references whenever possible just to
show variations in the data. Regarding the mass loss rates we have taken the average of maximum and
minimum values given in Blomme (1990a). We have applied the theory to the following systems:

HD 10516 (¢Per) HD 152234

HD 24534 (X Per) HD 152236 (¢ Sco)
HD 30614 (o Cam) 1D 152249

HD 38666 (14Col) HD 157857

HD 46150 HD 164794 (9 Sgr)
HD 47129 HD 167263 (16 Sgr)
HD 48099 HD 175876

HD 57061 (tCMa) HD 210839 (A Cep)
HD 144217 (3Sco) HD 37742 (COri)
HD 147165 (0'Sco) HD 37128 (¢ Ori)
HD 149438 (7Sco) HD 193237 (P Cyg)
HD 149757 ({ Oph) HD 42088

We have chosen the geometrical extent of the wind medium to be equal to 10 times the stellar radii;
We bave calculated & large amount of information. These results would be interesting to see but lalk
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of space restricts the presentation of all of them. Consequently, we can not show all the details of the

calculations. We are showing the following results for each star, in figures (a), (b), (c), (d), (e), (), (g)
and (h) which are explained below:

(2) Number of atoms excited in different stages of excitation at R/Ro = 1.36, 5.41 and 9.91 where R is
the stellar radius. We have chosen 10 levels and R/Ry = 10 for all the stars (see equation (39)).

(b) Neutral atom density is given from R = Ry to R = 10 Ry (see equation (31)).
(¢) Electron density of the medium is plotted from R = Ry to R = 10 Ry (see equation (32)).

(d) The ¢ parameter defined in equation (45) is plotted across the medium R = 10 Ry. These ¢’s
correspond to Lyman o, Balmer a, Paschen o and Brackett a.

(¢) We plot the total radial optical depth corresponding to Lyman a, Balmer a, Paschen « and Brackett
. The line absorption coefficient is calculated by using equation (43).

(f) For comparison sake, we plotted the three competing forces - radiation force, gravity force and gas
pressure force across the medium from R = Ry to R = 10 Ry (see equation (19)).

(g) The velocity profile calculated according to equation (19) is plotted. The dotted line represents the
observed or the expected vy.

The velocity law given in Blomme (1990a) is taken for comparison. This is given by
To B
o) = 0 + (00 — 10)(1 — 2) (49)

where v is the initial velocity, vy, is the terminal velocity, g is the reference distance from the centre of

the star (here we shall take this as the radius of the star), v(r) is the velocity at the radius r . B is the
steepness parameter.

If we set vg = 0 then equation (49) becomes

o(r) = v (1 — r—:)ﬂ (50)
or .
”v(") (1-2)". (51)

This relation is graphically described in Figure 1.

(h) The variation of density across R = 10R, is plotted which is derived from p(r) = M /4xr?v(r) where
p is the quantity given in Figure (g).
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Figure 2.
HD 10516 (¢ PER) B1 1Ve. Blomme (1990a)

*To;r = 27542 K /24547 K

M =26 x10% gr or 2.06 x10% gr

R = 3.36 x10"! cm or 3.01 x10'! cm

Vesc = 1004 km s~! or 948 km s™?

Voo = 3000 km s™!

M = 3.847 x10~6 M, /yr.

*The spectral class and subclass are uncertain.

(a) The number of atoms N, in different states of excitation are drawn against the quantum number n at
R/Ro = 1.36 (nearer to the stellar surface), at R/Ro=5.41 (at about half way in the medium) at R/R,
= 9.91 (almost at the surface of the wind medium. At every point there is a drop in these numbers (N,)
in the second level and from r = 2 to 10, there is a gradual increase in the numbers. The reason for this
is that the number of states at higher levels increase while the excitation energy does not increase at the
samne rate (see equation (33)). As the temperature is high, it is expected that higher levels become more
populated than at lower temperatures.

~(b) The variation of the total number of neutral atoms are shown against R/Ro. They vary from a few
times 10° (cm™3) at the surface of the star (R/Ro = 1) to less than 10(cm™3) at R/Ry = 10. It is steeper
than 1/r2 variation.

(c) The electron density variation is given at R/Ry = 1 it is few times 10'2 (cm™3) to less than 10Y
(cm™3) at R/Ry = 10. The density falls steeper than 1/72,

(d) The variation of the non-LTE parameter ¢ is plotted for Lyman ¢, Balmer a, Paschen « and Brackett
a, from R/Ry = 1 to R/Ry = 10 (sec equation (45)). The variations of these four €’s are very similar
except that the magnitudes increase from Lyman a to Brackett a. Near the surface of the star (R/Ry =
1), there is less scattering of photons than at R/Ry = 10. Further, there is more scattering (and more
non-LTE effects) in Lyman o than in the Brackett a. The line source functions (see equations (8)) will
have major contribution from scattering part in the Lyman « line and Brackett o will have from thermal
emission. Brackett a is almost in LTE near R/R; = 1, while mildly in non-LTE at R/Ry = 10. There is
very little contribution from thermal emission to Lyman « and more contribution from scattering process.
Therefore Lyman lines contribute more to the line pressure.

(e) Total radial optical depths (from R/Ro = 1 to R/ Ry = 10) are shown from the four continua. Lyman
o has largest depth while Balmer 10 has the smallest depth.

7 (Balmer a) < 7 (Paschen «)
T (Paschen o) < 7 (Brackett o)

T (Lyman o) < 7 (Paschen a)
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7 (Lyman a) < 7 (Brackett )
7 (Lyman a) < 7 (Balmer «)
But

7 (Brackett 6) > 7 (Lyman 9)
T (Brackett 6) > 7 (Balmer 8)
T (Brackett 6) > 7 (Paschen 7)

(f) The three competing forces (i.e) radiation, gravity and pressure are plotted for comparison. Cravity
and the gas pressure forces vary as 1/r? while the radiation force changes differently. Initially it raises
for a short distance, then it starts falling. The radiation force grqq is calculated using the relation given
in equation (10). This consists of the first term Ne(r)ownogT/; /cp(r) which represents the electron

scattering and the third term N
(> <]
ar Y / XEFE(r)dy

all lines* ~®
due to line radiation pressure. We have considered 9 lines in Lyman, 8 in Balmer, 7 in Paschen and 6 in
Brackett series of lines. The radiation force reduces slowly from R/Ry =2 to R/Ry = 8. From this point
it starts falling rapidly. We can see that the radiation force is predominant compared to gravity force.
Pressure force is several order of magnitude less than both radiative force and gravity force.

(8) We plotted the converged velocity profile across the wind medium from R/Ry = 1 to R/Ry = 10.
We started the iteration with vipem Which is derived from the relation p(r) = M /AT V4herm. As the
temperature remains constant, v, = constant. The system converged in 5 iteration but reached too high
' V. Therefore we changed the initial velocity until we obtain convergence to the observed vy, which

is 3000 km sec™! in this case. The initial velocity which gave convergence to ve, = 3000 km sec~! is
v; = 2 x 10%m sec™!. B ~ 0.85.

(h) we plotted the density p(r) corresponding to the velocity given in (g). The density is derived from
p(r) = M [anriu(r).

Figure 3

HD 24534(X PER) BO eP Blomme (1990a)

T,s; = 30200 K.

M=32x 10%gr

R =3.71 x 10" cm

Vese = 1054 km s~!

Voo = 3150 km 71

M= 13845 x 105 M /yr.

* The spectral class and subclass are uncertain.
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(a) The distribution of atoms in the excited states is very similar to that of HD 10516 (¢ PER) although
the temperature is slightly higher.

(b) The neutral atom density changes between few times 10° cm™3 at R/Ro = 1 to less than 10 (cm™)at

R/R, = 10.

(c) The variation of the electron density is similar to that in HD 10516. The electron density is almost
equal to the density p(r).

(d) The values of € are slightly higher than what are obtained in the case of HD 10516 (¢ PER).

(e) The Lyman « and Brackett o attain optical depths of nearly 10% while 7 (Lyman 9) is larger than 7
(Balmer 9), it is less than Paschen 7 and Brackett 6.

(f) The radiation force exceeds the gravity force by several times but falls sharply at R/Ry = 10.
() The velocity attains vme at about R/Ro = 9. It sharply rises from R/Ry = 1. ~ 0.85.

(1) The density is given according to the velocity given in (g).

Figure 4
HD 30614 (o CAM) 09.5 Ia

Abbott (1978) | Blomme (1990a)
Tess 28840 K 25119 K
M 9 x 10% gr 6.12 x 104 gr
R 2.24 x 10' cm 2.436 x 10" cm
Vese 590 km s~ 458 krnk s~
Vo 1890 km s~! 2450 km s~!
M , 7.0725 x 1075 Mg /yr

(a) The number of excited atoms is quite small compared to those in previous cases i.e. HD 10516 and
HD 24534. The main reason for this is the lower temperature of 25119 K.

(b) Neutral atom density is small for the same reason as mentioned above.
(c) Electron density changes from few times 10'! cm™ to about 10° (cm™).

(d) The factors € are much smaller than those in the previous cases and therefore the lines are more in
non LTE.

(e) The total radial optical depths 7 between few times 10? to less than 1.
(f) The radiation force falls more rapidly than gravity particularly from R/Rg = 5.

(g) The velocity converges at just above 2000 km s™! while the observed v = 2450 km s~! in Blomme
(1990a) and 1890 km s~! in Abbott (1978). The initial velocity for starting the iteration is v; = 25 km
s~l. B~ 0.9.

(h) Density changes between 10~'? gr cm™ to 107 gr cm™.
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Figure 5
HD 38666 (1 Col) 09 V

Abbott (1978) Blomme (1990a)
Tety 33884 K 33884 K
M 4.2 x 103 gr 4.3 x 10% gr
"R 4.2 x 10" ¢cm 3.92 x 10" cm
Vese 1080 km s™! 1182 km s™!
Voo 670 km s™! 3550 km s~!
M 7.8 x 107My /yr

(a) and (b) The number of neutral atoms is much smaller as the temperature is fairly large and the
velocity of expansion is large at v, = 3550 km s~!. Consequently the density is reduced and at higher
temperatures most of the atoms are ionized. This will further reduce the density of neutral atoms.

(c) The electron density varies between ~ 5 x 10'° cm™ at R/Ry=1to ~ 2 x 108 cm™3 at R/Ho = 10.

(d) The quantity ¢ for Lyman « line changes from = 10~ to ~ 10~° between R/Ry =1 to R/Ry = 10,

while the ¢ for Brackett o changes from =~ 102 to s 104 ¢ (Balmer a) and ¢ (Paschen ) lie in between
those of ¢ (Lyman o) and € (Brackett a).

(e) The total radial optical depth varies in a similar way as in the previous cases.

(f) The radiation force falls faster than the gravity force and the latter overtakes the former at about

r/ Ry = 8.5. However the change in velocity is so small it is not reflected in the velocity profile given (g)
(see below). ' |

(8) The initial velocity is v; = 10* cm s, and with v; = Utherm , We obtain vy, > 5000 km s~!. The
solution converges at about v, ~ 3100 km s~!. While the observed Voo = 3550 km s~1.

(h) The density. varies between ~ 107" gr cm ~3 to ~ 5 x 10~ gr cm™3,
Figure 6
HD 46150 05.5(f) Blomme (1990a)
T.;s = 38019 K
‘M =728 x 10 gr
R =9.59 x 10" cm
Vese = 874 km s~
Voo = 3400 km s™!

M = 2.685 x 10~S My /yr
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(a) and (b) As the velocity is high the density is correspondingly reduced. Therefore the number of H
atoms is small and at higher temperatures a large fraction of them are ionized. Consequently we get
small number of neutral atoms and excited atoms.

(c) Electron density is nearly equal to the density of H atoms as the neutral atoms are very few.

(d) The parameter ¢ for all the four lines Lyman o, Balmer «, Paschen o and Brackett o vary as in
the other cases.

(e) T (Brackett a) > 7 (Lyman «)
7 (Brackett &) > 7 (Balmer o)

7 (Brackett o) > 7 (Paschen «)

7 (Brackett 6) > 7 (Lyman 9)

1 \Brackett 6) > 7 (Paschen 7)

T (Brackett 6) > 7 (Balmer 8)

(f) The radiation force is falling faster than that due to gravity. After R/Ry > 10 it may be less than
gravity but at this point the veloc':ity of expansion reaches such large values, that the v, will not change
considerably and the expansion will continue with slightly reduced velocities.

(g) The expected v, ~ 3400 km s~!, with v; = vy, we get vo, ~ 9000 km 57!, with v; = 2.5 x 10* cm s™!
we obtain v, ~ 3400 km s, 8~ 0.9.

(h) The density changes between 10’3 gr cm™ and ~ 7 x 1076 gr cm™3,

Figure 7
HD 47129 07.5 III (f)

Abbott (1978) Blomme (1990a)
Teys 35481 K 36308 K
M 6.8 x 10% gr 7.54 x 103 gr
R 9.1 x 10" cm 1.043 x 102 cm
Vise 960 km s~} 854 km s™!
Voo OF Vedge Vedge = 3100 km s~? 2600 km s™?
M | 5.115 x 1070 Mo /yr

(a) and (b) As the temperature is very high, the neutral atoms are few and the number of excited atoms
in the higher levels (n ~ 10) are slightly more than at lower levels at (n~ 1 or 2). There is a sudden drop
in the number of neutral atoms at R/Ry = 2.

(c) The electron density is same as the density of the medium.
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(d) The parameter ¢ (Lyman o) is very amall therefore it will be dominated by scattoring process, where
as ¢ (Drackott o) Is much larger particularly at R{Ry = 1 to 2), tharmal emisston contributes considerably
st R/Ry = 1 and at B/ 3 ~ 10 it I8 dominated by scattering procass.

T( Drackntt)> 7 (Lyman, Baimer and Paschen).
() The radiation force falle more rapidly aler /R, rs 3.

(8) The expected terminal veloclty vg, I8 ~ 1600 km a8~ we obtaln a converged v about 2600 km s~! at
R/Rg =2 10. The B appoars to be botween 0.8 and 0.9 (sec Figure 1).

(h) The denslty changes from =4 10712 gr em™ to & 10~ gr cim™

Figure 8

HD 48089 08.56 V
Pauldrauch Abbott (1878) Blomme (1980n)
ot al, (1986)

Teys 3900 K 10740 K 37163 K

M 8.880 x 107" gr 8.8 x 10 gr T3 x 10 gr

R 7.7 x 10" cm 7 x 10" em 8.26 x 10" em

Vase 1060 km 8~ 004 km ™!

Voo 3500 km a~! Vadge = 3010 km s~1 3300 kin s~!

M 0.83 x 10-9M, [yr 1.68 x 10~ Mg /yr

*dorived from log g and R, given in the Table 5.

(2) and (b) The densitics of neutral atoms and oxcited atoma are very shinflar to those in TID 47129,
(c) Electron density varies from =54 x 10" cm™ al J2/R%g =1 to & 10% em ~? at IR/ g == 10.

(d) e (Lyman o) < ¢ (Balmer a) < ¢ (Paschen) < ¢ (Brackett a).

7 (Brackott 6) > v (Lyman 9)

T (Brackott 8) > + (Balmer 8)

7 (Brackett 8) > 7 (Paschen 7)

(f} The radiation force is falling more rapidly than gravity force because of Lhe fall In electron donsljy

and the assumption that total blackbocdy radintion is changing as 1/r2, The two forces are almost cqual
at R/ 1Ty = 10.

(g) With ¢; = 1,1 x 10%m s~! we obtaln the expected vy =6 3300 kin a~1, The B factor could be about
0.9,

(h) The density p{r) changes from 5 x 10 gr cm™? at j2/Iy = 1 to 8 x 10-18 gr em™>,
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Figurc 9
HD 87081 (vCMa) 09 Ib

Abbott (1978) Blommo (1090m)
Ters 28840 K 33113 K
M 8. 68 x 10M gr 8.8 x 10M gr
R 2.17 x 10'* cm 2.03 x 10" cm
Voo 600 km 5~ 164 km ™1
Voo Vedge = 2200 km s~ 2600 km 5~
\/ 8.12 x 10~5Mg/yr

The rosulws In (a), (b), (c), () arc similar as in Lhe case of 111D 483009,

(e) Here 7 (Lyman a) > r(Balmer a, Paschon ar)

r (Lyman o) & 7 (Brackelt o)

¥ (Lyman 8) > 7 (Balmer 8)

T (Lyman ) < 7 (Paschen 7, Brackelt 6)

([} Radiatlon force is much larger than Lhe gravily force even at 1t/ Ry = 10.

(8) As the radiation ls more powerful than the gravily we obtaln a large terminal volocity excoeding the
expected vy, A2 2600 km a™!, In thlacaac 08 < 8 < 0.9.

(h) The eloctron denslty changos from 6 x 10~ gr cm™ to 4 x 1078 gr em™3,

Flgure 10
HD 144217 (8Sc0).B O8 V

Abbott (1978) Blommo (1990a)
Tors 32359 K 20612 K
M 3.8 x 108 gr 3.3 x 10M gr
R 42 x 10! em 6.02 x 10" em
Viec 1030 km a™! 824 km s~!
Veo Vadge ™= 2000 km s~ 2450 km s
M 7.16 x 10~*Mg/yr

The rosults in (a), (b), (c), (d) and (o) are similar to those glvon in carlior casce,
() The radlation force falls very rapidly and the gravily dominatos at about B/Rg ~ 9,
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B4 Peraish and Varghase

(g) The vee(rs 2460 km s~') has reached at about R/Rg ~ 5. Even though radiation has become less
powerful than gravity (see () the reduction In vy, I8 not subetantial. The factor 8 =3 0.9.

() The density changes botween o ~ 10714 gr cm™? to 10~% gr ecm™3,

Figure 11

HI) 147165 (¢ Sco) Bl I {(Blomme 1880a)

Terr = 26302 K

M =29 x 104 gr

R =68.93 x 10" cm

Vere = 718 km a™!

Vio = 2300 km s

M =1.328 x 10~"Mg/yr.

The resulls in (a), (b), (c), (d) are quite similar to those presentod earlier,
(e) 7 (Lyman a) > T (Balmer a) Paschen o

T (Lymen a) > 7 (Paschen o)

T (Lyman a) > r (Brackett o)

T (Lyman 8) > r {(Balmer 8)

T (Lyman 8) > 7 (Paachen 7)

7 (Lyman 9} > T (Brackett 7)

(f) The gravity force exceeds the radiation force at about /Ry = 9.

(8) The calculatad v,, > expected v, & 2300 km s~! although the gravity force exceeds the radiation
pfler /Ry = 9. llere 0.9 < 8 < 1.0,

(h) The density changes from 10~ gr cm™ to 8 x 1077 gr em™3.

Figure 12
HD 149438 (tSeo) BO V

Abbott (1978) Blomme (1890n)
Tuss 32360 K 30002 K
M 3.8 x 104 gr 3.38 x 10 gr
R 4,18 x 10" cm 4.13 x 10" cm
Ve 1030 km »! 1021 km g1
Vo Vedge ™ 2000 km s 3060 km s~
M

5.82 x 1078 My /yr
These resulta are similar to those of YID 14185 (o Sco).
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Figure 13
HD 148757 ((Oph) 09 V(o)

Abbott (1978) Blomine (1990n)
Ty 32300 K 33884 K
M b x 10™ gr 4.18 x 10* gr
R 7 x 10" em 6.58 x 10" cm
Ve 010 ki s~ 803 kin s~}
Voo Vadge = 15680 kin ™! 2700 kin g~
M 7.5 x 10°%Afo fyr

The results presented in (&), (b), (c), (d) and (¢) are similar to those of enrlicr systoins,

(I) The radiation force bacomens exactly cqunl to grin iy force at 12/ o 10, The matlor moves with Lhe
previouwsly acquired momontum,

() The expected vo, (= 2700 km 871) Is obtalned with v = 8 x 10% cm a-!, llore B ~ 0.9,
Tha density p(r) varies from 107" gr em™ o < 1076 gr 3

Flgure 14

HD 152234, BO.5, Ia (Blommeo 1990n)
(We have tukon the fimt sol of data)

Tayy = 22008 K

M =55 x 10™ gr

R =2.709 x 10" ¢in

Ves = 418 km 8™!

Voo = 2660 km a™!

M = 2,99 x 10~Alg /yr

(8), (b), (c): As the inass Joss rate is small the dansity ks correspohdingly sinall, 'l'hml'um low denaltica

of excited atom and ncutral atoms, Decawxe of the low tempernture the lower levels are more populatad
than the uppor levels.

(d) The ¢ (Lyman a) at R/Rg = 10 3 0 for ali practical purposes. Lyman o is alinost In the scattering
modium,

(¢) 7 (Lyman a, 9) > T (Dalner a,8)
7 (Lyman a, 9) > 7 (Paschon «, 7)
7 (Lyman a, 9) > 7 (Drackott a, 0)
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(N The radiation force falls more rapidly Lthan gravity force.

(g) We obtaln v, larger than 236560 km a8~! which s Lthe cxpectedl value.
0.8 < 9 < 0.9.

(h) densalty variea between Few timea 1071% gr ecm™2 to =5 1078 gr can™3.

Figure 15

 HD 152236 ({ Sco) B1.5 Ia*P. (Blommo 1900a)
Ty sr = 18620 K

M =84 x 10™ gr

R =6.285 x 10" c¢m

Veepe = 187 km 8™}

Voo == 1700 km 8!

M =298 x 10™ALfg/yr.
(a), (b), (c), (d) are all similar to those in 11D 1522:34.
(e) 7 (Lyman) > r (Balmer)
T {(Lyman) > 7 (I’aachen)
T {Lyman) > 7 {Bracketl)
(I} Radiation force varica alinost like 1 /r* at R/ Ry = 10.

(g) We obtlaln slightly larger than the expecled v, & 1700 km 1.
3 = 0.9,

{1} Tho donalty varica betwoen 107 gr ein™2 and 1007 gr em—3.

Figure 18

HD 152249, 09 Ib (Blommo 1990a)
(We have takan the firat pet of data)
Tyry = 32360 K

M =7.33 x 10 gr

R =1.47 x 10" ecm

Vase = 676 km s™1

Voo = 2600 km s}

M =4.02 x 10~5AL, /yr.

{a), (b), (c), (d) are aimllar to those of 11D 152238.
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(¢) r (Lyman a) > 7 (Balner a)

7 (Lyman a) > 7 (Paschen a)

T (Lyman a) s 7 (Brackett n)

T (Brackett 6) > 7 (Lyman 9)

T (Brackett 8) > 7 (Paschen 7)

v (Brackett 6) > T (3aliner 8)
(1) Radiation force and gravily force tend to meel at 2/ g >> 10,
(£) T'he veo (computed) < vy, (obnerved) with 4 = 1.3 x10 cm 8™,

(h) 1077 grem 2 < p <10 M grem™,

Flgure 17
HD 1567887, O7(f) (Blommo 1990a)
Tyrq = 36308 K
M =442 x 10M gr
R =017 x 10! em
Viee = 681 km s~
Vo = 32560 kimn & !
M =486 x 1075M,/yr.
(n), (b), (c), (d) arc aimilar to Lthose of the carlier aystoina,
(c) 7 (Lyman a) < 7 (Brackett n)
T (Lyman a) > (Balmer o)
r {(Lyman a) > (Paschon o)
T (Lyman 9) & 7 (Balmer 8)
T {Lyman 9) < r (P’aschen 7)
7 (Lyman 9) < 7 (Drackett 6)
(N Racliation force falls more rapldly and may exqual Lthe gravily force al 2/1 > 10,
(&) 7o (calculated) & vy, (observed or expected) & 3250 ki a~!, 0.8 < 8 0.0,
(h) 107 grem™® < p < 10713 gr em 3.
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T2 Pereiah and Varghcee
Figure 18
HD 184794 (9 Sgr) 04(f)

Pauldrauch Abbott (1978) Blomme (1990a)
et al. (1986)
Toff 60,000 K 50118 K 38004 K
M 1.27 x 10® gr 2 x 10® gr 1.004 x 1035 gr
R 8.4 x 10" cm 1.06 x 10'? cm 1197 x 10'? cmn
Varc 1420 km »~} 1200 km 8™ 876 km s~}
Voo 3440 km s~? Vadga = 3440 kin 87! 3650 km a8~
M 4 x 10°%Mg fyr 2.92 x 107°Aly [yr
(a), (b), {c), (d) arc similar to the carlier results.
(e) T (Lyman @) > v (Balmer a)

T (Lyman a) > 7 (Paachen)

T {Lyman o) < T (Brackett)

T {(Lyman 9) < r (Balmer 8)

T {Lyman 9) < v (Paschen 7)

7 (Lyman 8) < 7 (Brackett 8)
(I} radiatlon forco falls rapklly and tends to be equal lo gravily force beyoud R/i%y >> 10
{g) Voo {calculated) < vy (observed) /¢ 3660 kin 8™,

(h) 107" grem™3 < p < 107 gr em™3,

Figure 18
HD 167283 (18 Sgr) 09 III

Abbott (1978) Blomme (1980a)
Tors 30003 K 33884 K
M 6 x 10M gr 7.7 x 10 gr
R 1.18 % 10'? em 1.337 % 10'* em
Vesc 7680 km s~? 736 km a™?
Voo Vedge = 1780 km s~ 2450 km ™!
M

31675 x 107%AMg /yr
Thensa remulis are similar to those of 1D 181784,
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Figure 20 (Bubicld)
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Flgure 20

HD 175876, O7 (Blommo 1980a)

Taypy = 36308 X

M =778 x 10 gr

IL=1078 x 10" cm

Vase = 848 km 5~

Voo = 2800 ki s~

M =3.82 x 105 Mg /yr

(a), (b), {c), (d), (o), (N, (h) are similar to the carlier resulta.

(%) The calculated vy, crossea the axpected or observed vy (= 2800 km s™') at
It{Ry = 4. B 0.85.

Figure 21
HD 210838 () Cop) O8 of

Pauldrach et al (1086) Abbott (1978)
Tass 42000 K 37163 K
M 1084 x 10® gr 1.34 x 10%.gr
R 1.19 x 10" cm 1.68 x 10'? cm
Vs 1092 km 5! 830 km s™!
Voo 2600 km s~ Vadge = 2560 km 8™}
M 4 % 10°%Alg/yr

(s), (b), (c), (d) as the mass loss rate is small, we get a low density of excited atoms, neutral atoms and

clectron denally. The high temperature of 42000 K gives mgher population denaities al higher levels,
'Therefore we find the densities of exclied atoms at n = 10 are more than the donaities at n = 1.

{e) As a consequence of high density at n = 10 we got v (Brackett) > 7 (Lyman, Balmer, Paachen).
(1) Radiation force falls rapldly at R/Jiy ~ 10 and tends to bocome leas than gravity force at R/ Rp > 10.

(g) The calculated vy, crosses the expected vy, (=3 2600 km 8™') at about R/ = 4
8 == 0 85.

(h) 10-16 gr cm 3 ¢ p < 10-® gr cm™?
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Fligure 32
HD 37742 ({ Ori) 08.5 I

Pauldrach et al. (1988) Abbott (1978)
Ty 30,000 K 28840 K
M 1.74 x 10%* gr 6.8 x 10M gr
R 2.03 x 10'* cm 1.8 x 10 cm
Vege 1069 kmn s~} 630 km 8™
Ve 2280 km s~ 2200 km a™
M 2.3 x 1077, /yr

These resulta are slmilar to those of the previous systems,

Figure 23
HD 37128 {¢ Orl) BO Ia

Pauldrach ct al. (1986) Abbott (1978)
Toff 28500 K 28840 K
M 1.788 x 10® gr D x 10% gr
R 2,59 x 10'? um 2.31 x 10" em
Voo 059 km s~} 580 km s}
Veo 2010 km &~ Vadpa = 2010 km 5™
M 3.1 x 1076M /yr

In this aystem the data is taken from Pauldrach el al. (1986).

(a) and (b) There i a mudden [all in Lhe neutral atom denslly at /1ty = 2. Very fow neutral atoma lefi

at B/Hg = 10 'This reflecta in the density of the exciled atoma and different levels at difforent raclial
points in the medium.

(c) Electron density changea between 10" (em™?) to a few times 107 (cn~?).
(d) ¢ (Lyman a) < ¢ (Balmer a) < ¢ (Paschen n) < ¢ (Brackeit a).

(e) 7 (Lyman a) > 1 (Balmer a)

7 (Lyman a) > 7 (Paschen o)

7 (Lyman o) > 1 (Brackeit a)

T (Brackett 6) > v (Iyman )

7 (Brackett 8) > 1 (Balmer 8)
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Figure 23 (a,b,exl)
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r (Brackett 6) > 7 (Paschen 7)

T (Lyman 9) 7 (Balmer 8)

T (Brackett 8) > 7 (Paschen 7)

(f) Radiation force ia falling much faster than gravity force.

(g} The expected vy, ~ 1010 km 8!, with 4 = vy the converged v 18 Loo low. With o = 112 m E"]:
we obtaln v, ~ 2600 km s™1,

{!1) The denalty changes from few tlnes 10~ gr cm™® to 10~¢ gr cm—3.

Flgure 24
EID 193237 (P Cyg) Bl Ia

Pauldrach el al. (1980) Abbott (1978)
Tors 18000 K 19052 K
M 3.1 x 10M gr 1.12 % 10™ gr
R 478 x 101? cm 844 x 1012 em
Veor 300 kin a8~} 330 km 8™
Voo 400 km s~ Vdga = 600 km 57!
M 2.5 x 1078 Ady, /yr

(»), (b}, (c), (d) The resulta arc simllar to those glvon above for othar aysteins.
(¢) 7 (Lyman a, 8,7,...9) > 7 (Balmer a, §, .. . 8)
> 1 (Paschen a,8,..., 7)
> T (Brackett a,f3,..., 6)
({) The racliation force falla slowly and tends to ba larger than gravity force even afler I8/ 1% > 10.

() The calculated v,, atlalns the observed Vao(Rs 100 km 871) at about R/Rg &~ 3. The vy, appoars to
be increasing. This can be understood from Figure () in which tho radiation force ls always larger than
gravity force and gravily force [alls rather faster than radiation force. 8 =5 0.8,

M) 107 grem? < p < 107 gr em—3.

Figure 25
HD 42088 08.5 V Pauldrach ot al. (1988)

Taty = 40,000 K
M =2,773 x 10M gr
R =4 08 x 101 om
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Ve = 954 km a1

Voo = 2600 km a3

M =1.3 x 107" Mg /yr

(a) Aa the temperature im high the higher levels of excitation are more populated than the lower levels.
(b), (c), (d) are simlilar to those of the earlier systems.
(¢) 7 (Lyman a) > 7 (Balmer a)

> T (Paachen o)

< T (Brackett )

< 7 (Brackett @)

(f) Radiation force falls rapidly and tenda to cross the gravity force after R/ Rg > 10.

(g) The calculated v, cross the observed v, at about /Ry = 3, then It contlnues to increase but slowly,
B = 0.9,

(b) 10 gr em™ < p < 10~ gr cm™>,

3. Conclusions

The line radiation pressure is calculated taking into account the diffuse radiation in the lines of
Lyman, Balmer, Paschen and Brackett upto 10 hydrogen levels. We are able to obtaln the observed
terminal velocities In few cascs, The terminal velocltios davelop at about a radial distance of 3 to 5 stellar
radil. The boundary conditions, especlally the Initlal veloclty to start the Iteration is very uncertain, One
needs to look into this problam serioualy. We necd to calculate the level populatlon denaltles by employing
statistical equilibrium equation for hydrogen, and sees how much these results would differ from what we
have obtained in this paper. A further improvement in this is that we need to include heavy ions of C,

N, 8i, Mg etc. Temperature structure is to be derived by adding the equation of encrgy to the present
system of equationa.
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