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Summary. Detailed multi-level statistical equilibrium calcula-
tions for the dominant ions of H to Zn in hot star stellar winds
are presented. The calculations comprise in total 133 ionization
stages of 26 elements with altogether 4000 levels and 10,000
radiative bound-bound transitions based on the line list of Abbott
(1982). Electron collisions are included and the correct continu-
ous radiation field obtained from the solution of the spherical
transfer equation is taken into account for the bound-free transi-
tions, thus avoiding the approximation of overall optically thin
geometrically diluted continua. The statistical equilibrium is
treated self-consistently together with the improved hydro-
dynamics of radiation driven cool winds (see Pauldrach et al.,
1986), where the statistical equilibrium occupation numbers
include the contribution of more than 100,000 lines to the line
force. The calculations are applied on two objects, the O4f-star
{ Pup and the O9.5V-star 7 Sco. The results are:

1. Non-LTE multi-level effects are extremely important. Pre-
vious gaseous nebula-like approximations do not lead to a
quantitatively correct description. The most important difference
is a significant shift to higher ionization stages. This is mainly
caused by the optical thick ionization continuum shortward of
the Hen edge and in the lower part of the wind by collisional
excitation of low lying excited levels and subsequent photoion-
ization from these levels.

2. High ionization species like O v1, S vi, N v etc. can be easily
produced in a cool wind model for { Pup. Thus the longstand-
ing problem of “superionization” can be solved without any other
source of ionization. For t Sco the calculations produce sufficient
N, but fail marginally for O vi.

3. For excited levels — in particular for very strong resonance
lines — the collision free two-level approximation turns out to
be poor for particles densities higher than 10'° ¢cm 3. This can
have consequences for spectral diagnostics of stellar winds.

4. The back reaction of the improved occupation numbers
on the wind dynamics is significant. The shift to higher ioniza-
tion stages weakens the line force and leads for both objects to
better agreement with the observations in the mass-loss rate and
terminal velocity.
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1. Introduction

The detailed knowledge about the physical conditions of ioniza-
tion and excitation in the winds of hot stars is of basic impor-

tance, not only for their spectral diagnostics (determination of
mass-loss rates, density and temperature stratification, abun-
dances) but also for the self-consistent theoretical description of
the stellar wind hydrodynamics. For the latter the most prom-
ising concept is the theory of radiation driven winds where the
wind is initiated and maintained by absorption of photospheric
photon momentum in thousands of UV spectral lines (Lucy
and Solomon, 1970; Castor et al. (“CAK”), 1975; Abbott, 1979;
Abbott, 1982). It is obvious that in the framework of this theory
the correct computation of occupation numbers is crucial, since
the driving force of the wind depends on correctly computed line
absorption coefficients.

However, despite reasonable progress in the selfconsistent
theory of radiation driven winds (Abbott, 1982; Friend and
Castor, 1983; Abbott and Lucy, 1985; Pauldrach et al., 1986,
(Paper I); Kudritzki et al., 1986, (Paper II)) it should be realised
that in the past, the treatment of the occupation numbers has
suffered from approximations which were used “ad hoc” without
any further justification. For instance, in the calculation of the
ionization equilibrium recombination theory with geometrically
diluted photospheric radiation has been applied (for the two
basic approaches see Abbott, 1982 and Abbott and Lucy, 1985).
In view of the particle densities in stellar winds (10'?cm™3 >
ng > 108 cm™3) this is a priori questionable. Very similar ap-
proximations were also used in the spectral diagnostics of stellar
winds (see for example Lamers and Morton, 1976; Lamers and
Rogerson, 1978; Hamann, 1980, 1981).

The only way to check such ad hoc approximations is to
treat the complete statistical equilibrium self-consistently for all
important element species in the wind. Although this is a com-
plex problem requiring an enormous organisational and com-
putational effort, we have estimated that the solution is feasible
with present day computer capacity. Consequently, in view of
the principal importance of such calculations we have developed
a code which, for a given photospheric and stellar wind structure,
solves the detailed multi-level statistical equilibrium equations
for the dominant ions of H to Zn self-consistently. In total 133
ionization stages of 26 elements with altogether 4,000 levels are
treated. For every level the corresponding radiative bound-free
transitions with the correct continuous radiation field obtained
from the solution of the spherical transfer equation is taken into
account thus avoiding the critical approximation of optically
thin geometrically diluted continua. Besides electron collisions
more than 10,000 radiative bound-bound transitions are in-
cluded explicitly to give sufficiently realistic atomic models for
the occupation numbers in question.
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The initial velocity and density structure of the stellar wind
are obtained from the radiation-driven wind code developed
recently by our group. This code, because of major improve-
ments in the calculation of the radiative line force, gives mass-
loss rates M and terminal velocities v,,, which are rather close
to the observations not only for galactic OB stars (Paper I) but
also for O stars in the Magellanic Clouds (Paper II) despite the
approximative calculation of the occupation numbers. With the
statistical equilibrium code described above new occupation
numbers are obtained which allow the calculation of a new line
force arising from the contribution of more than 100,000 lines
in total. With this new line force the stellar wind code gives a
new velocity and density structure and the process is iterated
until convergence is achieved. The final model gives a completely
self-consistent solution of the radiation hydrodynamic stellar
wind problem in spherical geometry. The hydrodynamic equa-
tions which include the radiative line force and the statistical
equilibrium equations for all relevant ions that contain the radia-
tive transitions are fulfilled simultaneously.

This paper reports first results of such calculations which
have been applied to two well observed standard stars, namely
the O4f-star { Pup and the O9.5V-star 7 Sco. With regard to
the stages of ionization observed in their wind spectra both
objects (as almost all O-stars) pose the interesting problem of
“super-ionization”. This simply indicates the presence of anom-
alously high stages of ionization like O vi and N v. Contrary to
other authors who tried to explain the presence of such ions by
the Auger-effect and an X-ray radiation field (arising from either
a hot corona or randomly distributed shocks travelling through
the wind) or by a “warm” wind model of 200kK electron tem-
perature, we will show that, at least for { Pup, “superionization”
can also be obtained in the simplest case of a “cool” wind model
(where the electron temperature T, is of the order of the effec-
tive temperature T, if only the statistical equilibrium is cor-
rectly handled. As the recent IR-observations of stellar winds
strongly point to this cool wind model (Lamers et al., 1984), this
is a very encouraging result. It demonstrates that the situation
for the interpretation of the ionization conditions in hot star
stellar winds is probably not as hopeless as commonly thought.
The consequences of this will be discussed in Sect. 5. In Sect. 2 the
choice of the cool wind model is justified in more detail and the
alternative concepts that have been previously developed are also
discussed. The details of the new statistical equilibrium calcula-
tions are described in Sect. 3 and in Sect. 4 the results with respect
to ionization, excitation, line force and dynamics are presented
and compared with previously used approximations.

2. Superionization and the choice of a wind model

As already mentioned in Sect. 1, one of the striking pecularities
in the winds of hot luminous stars is the so-called “superioniza-
tion”. This term simply indicates the presence of anomalously
high stages of ionization such as Ovi and Nv. The P Cygni
profiles from resonance lines of these ionization stages have been
observed with the Copernicus satellite for many O stars and B
supergiants (see for instance Olson and Castor, 1981), so that
attempts to explain this phenomenon are indispensable.

As can be easily verified, O vi cannot be explained by photo-
ionization from the ground level of Ov by the emergent flux
from a static model atmosphere (Castor, 1979). The corre-

sponding ionization rate is orders of magnitude too small to
produce the high ionization species O vi and N v. Hence Lamers
and Morton (1976) have introduced a “warm” wind model and
suggest that the electron temperature in the wind lies in the
range of 2000kK so that O vi is mainly produced by collisional
ionization. However, observations of infrared fluxes show that
the electron temperature in the wind is closer to the effective
temperature than to the high value of 200 kK (Lamers et al.,
1984).

An alternative for the production of O vi and N v in O stars
and B supergiants was proposed by Olson (1978), Cassinelli and
Olson (1979) and Olson and Castor (1981). They use the X-ray
emission from a thin hot corona (T > 10¢ K) at the base of a cool
wind, the existence of which was first suggested by Hearn (1975),
to produce O vi from O1v by photoionization due to the Auger
process. Through the application of this model the above authors
were able to reproduce the main features of the observed high
ionization species of the elements He, C, N, O, Ne, Mg, Si and S.
However, X-ray spectral observations by Long and White (1980)
and Cassinelli and Swank (1983) show, at least for an O star
(¢ Pup) and a B supergiant (¢ Ori), that there is definitely far more
flux below 1keV than is predicted by the thin corona model. As
shown by Cassinelli and Swank (1983) and discussed by Olson
and Castor (1981) this model results in an inevitable attenuation
of the X-ray flux in the wind and is thus in strong contradiction
to observations.

Waldron (1984) has recently made an attempt to modify the
theory of a thin corona at the base of the wind with a recombina-
tion stellar wind model. In order to decrease the stellar wind
opacity at the K-shell edges Waldron has increased the coronal
emission measure so that the ionic number densities and thus
the opacities are reduced, whereas the mass column density is
fixed. Consequently, Waldron’s modified coronal model results
are closer to the HEAO2-IPC observations, but compared with
solid state spectrometer observations by Cassinelli and Swank
(1983) Waldron’s calculated oxygen K-shell absorption edge is
still much too strong. Additionally, his calculated O vi1 ratio for
{Pup is about 1 to 2 dex larger than observations indicate
(Hamann, 1980; Lamers and Morton, 1976), whereas those of the
low stages of ionization like N u1, Cmr, which are also observed,
are completely diminished. Thus it again seems questionable as
to whether the coronal model is able to reproduce the main
observational features of stellar winds, especially as Waldron
states that the stellar wind and coronal zone must be in a delicate
balance in order to reproduce the observed X-rays.

On the other hand, the semi-empirical theory of Lucy (1982)
based on shocks distributed randomly in a “cool” wind and
reaching far out into the terminal velocity region of the flow
produces a stellar wind soft X-ray spectrum much closer to the
observations. It is usually argued that the spectral superioniza-
tion features such as O vi and N v might also be produced by
the diffuse X-ray radiation field arising from the shocks in the
wind.

However, without detailed knowledge about the physical
properties of the shocks as function of distance from the stellar
photosphere this is difficult to prove quantitatively. Only some
qualitative considerations appear to be possible. According to
Lucy the X-ray emission continues out into the terminal flow.
The postshock temperature (T) increases proportionally to the
velocity and the fit parameter v, which is defined as the differ-
ence in peak velocity between two successive shocks, divided by
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the intershock sound speed (v = Av/a). The lack of absorption
at the K-shell edges in the observations can be interpreted, in
view of Lucy’s conclusions, as indicating that the bulk of the
observed X-rays are emitted far out in the wind. This is also
supported by Krolik and Raymond (1985) who showed that
optically thin shocks, which are responsible for the X-ray emis-
sion, exist primarily in the upper part of the wind, whereas in the
lower part of the wind optically thick shocks are more probable.
The latter shocks emit mostly in the ultraviolet. With respect to
Lucy’s calculations this means that his parameter v also increases
with velocity and thus T, might be further reduced in the inner
part of the wind. With this in mind, we have estimated the
photoionization rate of the Auger effect for O vi with the assump-
tion that the observed X-rays for { Pup arise from the regions
where v(r) = 0.9v,, (the X-ray data were taken from Lucy and
the cross section for K-shell ionization from Deltabuit and Cox,
1972). This rate was compared with the photoionization rate in
the same region using the results of our detailed statistical
equilibrium calculations (see Sects. 3 and 4), which at the
moment assume a cool wind and ignore a probable diffuse X-
ray radiation field. It was found that the rates are comparable.
However, the mean intensity of our photoionization rate in-
creases by several dex in the intermediate and inner part of the
wind, whereas we expect the corresponding one for the diffuse
X-ray Auger rate to remain constant or even to decrease for the
reasons given above. This means, however, that the high ioniza-
tion species in the inner part of the wind (v < 0.9v,) are possibly
not created by Auger ionization. However, Auger ionization
might influence the statistical equilibrium in the outermost part
of the wind (v > 0.9v,,). On the other hand additional ultraviolet
radiation coming from optically thick shocks might contribute
to the ionization balance.

In view of this somewhat uncertain situation we have re-
stricted our calculations to the most simple case of pure “cool”
wind models, i.e. models with a kinetic electron temperature
T, in the wind which is close to the photospheric effective tem-
perature T,g. Since in the improved theory of radiation driven
winds (Abbott and Lucy, 1985; Paper I; Paper II; Friend and
Abbott, 1986) these models lead to mass-loss rates and terminal
velocities very close to the observations and since IR-observa-
tions also seem to support this assumption (Lamers et al., 1984),
we find it very attractive to investigate to what extent improved
statistical equilibrium calculations for cool winds are already
able to reproduce the observed distribution of ionization in
stellar winds. As will become obvious from the following section,
the code we have developed allows the incorporation of the
Auger rates easily, once it is possible to specify the diffuse X-ray
radiation field in more detail. The results of our calculations
(Sect. 4) will show however that at least for the O4f-star { Pup
this is not necessary.

3. The improved statistical equilibrium calculations

All previous calculations of ionization equilibrium in hot star
stellar winds (except CAK, who used LTE) are based on “quasi-
gaseous nebula approximations” assuming an optically thin
geometrically diluted radiation field and neglecting bound-
bound electron collisions. In addition, Abbott (1982) in his Eq.
(8) has assumed that all lines are optically thick so that the occu-
pation numbers are determined by direct recombination and
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ionization for each level (the same assumptions have been made
for the wind models in Paper I and II). On the contrary, Abbott
and Lucy (1985) assumed all lines to be optically thin for the
calculation of ground state occupation numbers so that the
ionization equilibrium in the wind resembles that in planetary
nebulae. From the calculation of spectral lines for the ljne force
based on such occupation numbers it is clear that roughly 50%;
to 70% of the line force is given by strong lines (optically thick),
whereas the remaining force is given by weak lines (optically
thin). Thus it is clear that both optically thick and thin lines
exist in the wind and contribute to the dynamics. It is therefore
reasonable that the ionization of elements will be affected by the
presence of both optically thin and thick lines as well and a more
detailed treatment is needed.

The complete neglect of bound-bound electron collisions in
previous work also appears to be dangerous since the elec-
tron density in the accelerating region of the wind is between
10**cm ™3 and 10'°cm ~ 3. In fact, the results of our calculations
(Sect. 4) prove the importance of electron collisions which in-
directly influence the ionization equilibrium significantly.

Another crucial test of the previous calculations concerns
the assumption of optically thin geometrically diluted continua.
Taking the occupation numbers from calculations either fol-
lowing Abbott (1982) or Abbott and Lucy (1985) it is easy to
show for O-stars that the continuous radiation field becomes
optically thick beyond the Henr ground state absorption edge.
Consequently, for ground state continua shortward of this edge
ionization theory with continuum radiative transfer is needed
(see also Castor, 1979). As we shall show below, this will have
a dominating influence.

In the following part of this section we describe the details
of our calculations which avoid all of the deficiencies mentioned
above.

3.1. The general iteration cycle

Occupation numbers based on detailed statistical equilibrium
calculations and corresponding line forces are calculated self-
consistently with the radiation driven wind hydrodynamics. The
iteration cycle is as follows:

i) Calculation of the density and velocity structure using our
improved theory of radiation driven winds (see Paper I). For the
first iteration the starting value for the line force is computed in
the same way as described by Abbott (1982) and in Paper II.

ii) Based on i) the non-LTE multi-level rate equations are
solved for all 26 elements in their different ionization stages. For
this solution the continuum radiative transfer is correctly treated.
Electron collisions are included. For the bound-bound radiative
transitions the Sobolev approximation is used. (Details are
given below). '

iii) Based on ii) a new line force is calculated again using
the Sobolev approximation (see Paper I). This line force is then
parametrized in the same way as was done by Abbott (1982,
see also Paper I and 1I) but allowing for stepwise radial changes
of the fit parameters k, o, d, which gives a more accurate repre-
sentation of the line force. (Details are to be found in Pauldrach,
1986). With the new line force the iteration cycle starts again
at i).

This scheme is used until convergence for M and v, is
achieved. The model is considered as to be converged when the
relative deviations are less than 0.5%. The quantities used as
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input are the atomic models including atomic data, the chemical
composition, the photospheric flux, the temperature structure
and the stellar parameters T, logg, R,.

3.2. Selection of elements, atomic models, chemical composition

The basis of our calculations is the line list published by Abbott
(1982), which contains more than 250,000 lines of the first to sixth
stages of ionization from H to Zn (see also Paper II).

In order to include only data in the calculations which are
really needed, the level and the line list was reduced. The con-
straints for this reduction were:

(1) Only elements which yield more than 0.05% of the total
line force have been considered. This results in 26 elements which
were taken into account (see Appendix A and also Abbott (1982)).

(2) A maximum principal quantum number in each ioniza-

tion stage was introduced up to which levels have been taken
into account. This number was chosen so that
a) the total line force variations due to the reduction were less
than 0.05% throughout the envelope;
b) the maximum number of levels for each ionization stage never
exceeds 49. As the rate equations are solved simultaneously for
three ionization stages and for the ground level of a fourth
stage, this constraint is important for the accuracy of the matrix
inversion (a matrix of a size greater than 150 x 150 is difficult
to invert with high precision). When this constraint was in con-
tradiction to a) the levels and lines were packed in a physically
reasonable manner.

The calculations for this reduction were carried out using
Abott’s (1982) approximate formula (Eq. 8) for the occupation
numbers. (The electron temperature T, was varied between
10kK to 50kK).

The remaining ionization stages after the reduction are 133 in
total. These take into account 3,824 levels, 9,043 combining lines
and 104,878 lines for which the lower level is considered and thus
contributes to the line force.

Details about the atomic structure of the elements and ion-
ization stages considered in the calculations are given in Appen-
dix A.

Solar abundances (Holweger, 1979) have been adopted for
{ Pup. For future work individual stellar abundances will be used
based on detailed analyses of photospheric spectra; in the case of
7 Sco the solar abundances have been scaled down (see Sect. 4.2)
following the results of photospheric abundance analyses.

3.3. Rate equations

As customary for non-LTE investigations the basic assumption
for the following considerations is that the populations are in
statistical equilibrium. Despite the high outflow velocities this
supposition is a reasonable one since the recombination time is
small (Lamers and Morton, 1976; Lucy and Solomon, 1970;
Klein and Castor, 1978).

The statistical equilibrium equations for collisional and
radiative processes for each level i are:

_]Z:i njCji + ni(Z (nj/ni)*Cﬁ + IZ; Cij + Cik)

j<i
- Z nj(ni/nj)*cij — m(ny/m)*Cy — Z n;R;;
j>i Jj<i
#n(E R+ T R+ R )= S =0 ()
i<i i>i j>i

The letter k stands for continuum state and the notation ( )*
denotes the value that the quantity in parentheses has in thermo-
dynamic equilibrium at the local electron temperature. Com-
pleting the system an additional equation is needed for each
element K:

Z;n,_, = YNy )]

where [, r are the designations of level and ionization stage,
respectively. Yy is the element abundance relative to the hydro-
gen density Ny.

The collision rates C;; (j may be bound or free) are calcu-
lated by

Cij = ngqy;. &)

The values chosen for g;; are given in Appendix B. The radiative
rates for bound-bound transitions are given by

R = BijJ_ ij

Rji = Aﬂ + Bji"ij’ (4)
where Aj;, Bj; are the usual Einstein coefficients. fij is the angle-
averaged, profile-weighted intensity of the radiation in the line
transition.

As the envelope is in a state of rapid radial expansion, it is
possible to use the escape-probability method in treating the
transfer of line radiation developed by Castor (1970, see also
Paper I). Then J;; is given by

jij = (1 - ﬁ)Sij + Bclc’ (5)

where the line source function is

S, =— i 6
" nBjj—nB; ©)

In the case of optically thin continua at the frequency of the line
transitions I, is given by the emergent photospheric flux H,

I, =4HR). 7

(In Eq. 7 photospheric limb darkening is neglected).

In the optically thick parts of the envelope the Sobolev ap-
proximation with continuum developed by Hummer and Rybicki
(1985) should be used. However, as nearly all lines lie longward
of the He 1l edge where for our two example stars the continuum
is optically thin (see Sect. 4) this case is not important at the
moment but could become crucial for W-R stars.

The escape probability functions f and B, in Eq. (5) are given
by the integrals

g={ L0 exp(—rof(l + 0x3)dsx ®
0 To

B.=1/2 f L+ ox? [1 —exp(—1o/(1 + 6x?))]dx

where

o=rv'(r)/o(r)—1

e = (1 — R?*fr?)/? ©

and the optical depth is defined by

Tolr) = % @) /g, — my/g)re/(van(r)) (10)
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The statistical weights g, the oscillator strength f and the wave-
length of the transitions v, enter the last equation.

An additional remark is necessary regarding Eq. (5). The
mean intensity in this form neglects changes through multi-line
scattering. It is clear that this effect can influence the population
of excited levels so that further modifications will be needed.
Work in this direction is presently under way in our group.

The radiative rates for the bound free transitions are given by

Ry =4n f %Jvdv

N T hv?
R, = ("_> ) (2—: + JV> exp(—hv/kT)dv.  (11)
n, hv c

vi

(The choice of the photoionization cross-section a;(v) is described
in Appendix B).

From the previous discussion we have to conclude that the
winds of O-stars can be optically thick in the Hen continuum.
Therefore, in this case the stellar flux is attenuated by the optical
depth and the continuum radiation field depends on the local
electron temperature. The latter fact has a crucial influence on
the ionization balance as will be seen in Sect. 4. As the transfer
of radiation in the continua is hardly affected by the presence
of a velocity field, the continuum is calculated from the static
spherically symmetric transfer equation. Since it is neither
possible nor necessary to include all ionization edges of the con-
sidered levels in the continua calculations, a choice of the im-
portant edges, those that can contribute to the total optical depth,
must be made. With the help of criteria similar to those applied
in 3.2 based on populations obtained by Abbott (1982, Eq. (8)) it
was found that most of the elements with an abundance greater
than 1.10™° can be important for the continuum optical depth.
Thus the ionization edges of the ground levels from the elements
H, He, C, N, O, Ne, Mg, Si and S were considered as contrib-
utors to the b-f opacity. Additionally, for the f-f opacity H and
He were taken into account and finally Thomson scattering was
included. Using this procedure J, was evaluated with the con-
tinuum source function at 120 frequency points, which are suf-
ficient to ensure an accurate numerical integration of the Egs.
(11). (A tested routine for the solution of the spherical transfer
equation using a Feautrier scheme with a Rybicki-type method
was kindly provided to the author by J. Puls).

Since the occupation numbers enter Egs. (6) and (10) and are
themselves calculated through the application of these equations,
aniteration cycle was needed. After an initial guess for n, (Abbott’s
approximation or two-level approximation for strong scattering
lines in outer layers) only 7 to 15 iterations were needed until
a convergence criterion-relative deviations of 1073-10"%-was
satisfied. Hence, no linearization procedure was required.

For this first step, the continua were kept optically thin. But
in the following iterations the continuum radiative transfer was
correctly handled. In order to reduce the number of iterations
for the Hen continuum, this edge was considered as optically
thick in the first step—assuming radiative detailed balance—
and then iterated until the above convergence criterion was ful-
filled. 10 to 15 iterations were needed for the Hen continuum
and as many when all ionization edges were included.

Another simplifying trick in our rate equation iteration pro-
cedure, which saved an enormous amount of computer time must
be mentioned. As the occupation numbers vary rather smoothly
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as a function of the radial distance from the stellar surface and
as the radiative bound-bound rates are given by a local approxi-
mation, we solve the full set of all rate equations only at 7 radial
points chosen from regions with significant velocity, density or
optical depth variations. For the continuum radiative transfer a
double logarithmic linear interpolation between these radial
points is carried out.

At the moment we have still neglected the dielectronic recom-
bination process. We are well aware that even in our cool wind
model this can have a non-negligible effect on specific elements.
For instance, the calculations of Aldrovandi and Péquignot
(1973) indicate that the dielectronic recombination coefficient to
Cui can be important even at cool temperatures. However, at the
moment we are forced to neglect this effect as we need detailed
atomic data in order to be able to incorporate it in our detailed
calculations. For our rate equations we need the individual tran-
sition probabilities of each stabilizing downward transition (see
Mihalas and Hummer, 1973). However, only the sum over all
these transitions is normally given in the form of a dielectronic
recombination coefficient (NuBbaumer and Storey, 1983, 1984,
1986) as required by nebular recombination theory. We there-
fore have to wait until such data become available to us. How-
ever they then could be easily incorporated in our code.

3.4. Photospheric flux

At the moment it is still not possible to solve for the photo-
spherical layers with high precision simultaneously together with
the envelope of the wind in one “unified” model atmosphere.
Hence the emergent fluxes from Kurucz (1979) interpolated to
the current effective temperature are used as input for the radia-
tion field longward of 228 A). Since the model atmospheres of
Kurucz include the effect of line-blanketing in a static atmosphere
and this has a much greater effect on the emergent flux than the
non-LTE treatment without line-blanketing for the effective tem-
perature in question, these models were preferred. Of course, for
future work line-blanketed non-LTE fluxes would be desirable,
but as is well known the solution of this problem is formidable
and is therefore not expected in the very near future.

The application of the Kurucz fluxes involve two additional
approximations:

1) neglect of individual photospheric absorption line features—
only average continuum fluxes are given;

2) neglect of back reaction from winds on photospheres—
“wind blanketing” (see Abbott and Hummer, 1985).

3.5. Temperature structure

In the present calculations the local electron temperature was
either set equal the effective temperature throughout the wind,
or an ad hoc empirical temperature structure appropriate for a
gas in radiative equilibrium in NLTE was assumed. In this latter
case we followed closely the spherically extended NLTE model
atmosphere calculations by Gabler et al. (1986) which take into
account the density structure of radiation driven winds but only
hydrogen and helium bound-free and free-free opacities.

4. Results

In this section the results of the detailed non-LTE multi-level
calculations are presented for two typical O-stars, { Pup (O4f)
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and 7 Sco (09.5V). These examples have been chosen, since they
represent extremes with respect to wind strength, superionization
and temperature. In particular, for superionization, 7 Sco is a
challenge for the theory since it belongs to the latest spectral
types where superionization is observed.

4.1. A wind model for {-Pup

As shown in Paper I, the appropriate choice of stellar parameters
is of crucial importance for the solution of the wind dynamics.
Fortunately, { Pup was subject to two recent detailed non-LTE
analyses (Kudritzki et al, 1983, Bohannan et al., 1985) which
yielded accurate T, logg, R/Ry and a final model that was
able to reproduce not only the observed hydrogen and helium
lines, but also a continuous energy distribution that matched
well the observed fluxes from the UV to the visual. Accordingly,
we adopt the following parameters:

T = 42,000K
logg=3.5
R, =19Rg

In order to test the influence of the different approximations
five models were calculated:

Model 1: Calculations of the occupation numbers using Ab-
bott’s (1982) approximation (see Sect. 3 and Eq. (12) of this sec-
tion). The local electron temperature T, was set T, = T,
throughout the wind.

Model 2: Correct solution of the full problem as described
in Sect. 3. T, = T, throughout the wind.

Model 3: Same as model 2, but a slowly falling temperature
stratification was adopted (see Fig. 1 and Sect. 3.5).

Model 4: Same as model 2, but with optically thin, geo-
metrical diluted ionizing continua. This means that in Eq. (11)
J, was replaced by W B(T,,4). W is the dilution factor and T4
the monochromatic radiation temperature as obtained from the
Kurucz models.

Model 5: Same as model 4 but temperature structure of
model 3.

We now discuss the main results of our calculations on the
basis of these five models.
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Fig. 1. Temperature stratification for model 3 and 5 of { Pup and for the
model of tSco
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Fig. 2. Radius of continuous optical depth equal unity as a function of
reciprocal wave length for model 2 of { Pup. On the right ordinate the
logarithm of proton density at the corresponding radius is also shown for
comparison

4.1.1. Optical thickness of the continuum

Figure 2 shows the radii and density at which the optical depth
reaches unity for model 2 as a function of frequency. As was
mentioned in Sect. 2, the wind of { Pup is optically thick beyond
the He 1 edge. Besides He* the main contributors to this thick-
ness are O, Mg, N, Ne and Si. Therefore O-stars with a wind
comparable to {Pup have an optically thick ionization con-
tinuum in the wind even when He is almost fully ionized. The
most important consequence of this result is that the ionization
balance is mainly determined by the local electron temperature
and not by the emergent flux of a static model atmosphere. This
is important because hydrostatic model atmospheres produce
usually an enormous He* absorption edge that strongly under-
estimates the ionizing radiation field (shortward of 228 A) in the
wind when used as input for ionization calculations.

The optical thickness of the continuum depends on the tem-
perature stratification. For model 3 we obtain a wind which is
optically thick shortward of 228 A throughout the total accelera-
tion region up to 100 stellar radii. The slowly falling temperature
(Fig. 1) leads to recombination to He1 in the outer parts.

Figure 2 indicates that according to our calculations OV is
the strongest ionization stage of oxygen and not O1v as was
suggested by Cassinelli and Olson (1979) in their hot corona-
cool-wind model calculations. It is therefore questionable if O vi
can be produced by the Auger process following the absorption
of an X-ray photon. However this will be discussed in more detail
below.

4.1.2. Occupation numbers

To be able to discuss our results with respect to the approxima-
tions mentioned in Sect. 3 we have to specify the latter. Abbott
(1982), Pauldrach et al. (Paper I), Kudritzki et al. (Paper II)
adopted an optically thin continuum and optically thick lines
for the ionization balance. For the population ratio of ground
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states in the ionization stages j and j + 1 this yields

1/2
nyj+1/4 T, w nyj+1Me /T

Ty is the photosphere radiation temperature at the frequencies
of the continuum transition, W the dilution factor defined by

n; \*
W=1/2(1 - ['Q)‘( > >
Nyij+1Me/ TR
tor for the temperature Ty. Excited levels were calculated from

the Boltzmann formula relative to the ground level in the same
ionization stage using T (= T,) as the relevant temperature.

Abbott and Lucy (1985), however, used a different approach.
For the ionization balance they assumed pure recombination
theory as in gaseous nebulae. This means that all lines are ap-
proximated as being optically thin. This yields

nl‘j _ a_1:< nl‘j >
Ryj+1 % \M1,j+1/4
where o, is the fraction of recombinations going directly to the
ground state and o is the total recombination coefficient includ-
ing dielectronic recombination. For the excitation of metastable
levels they adopted the Boltzmann formula relative to the ground
state with T as temperature. The excitation of the other levels

connected via a single transition to the ground level 1 or a meta-
stable level m is calculated according to (in our nomenclature)

b <_)
nl,m B nl.m Tr;

where (II)§,, is the Boltzmann factor with the photospheric con-
tinuum radiation temperature at the frequency of the transition.
This equation is derived neglecting stimulated emission and using
the assumption that the rate equation of level i is dominated
by the radiative rates connecting i with either 1 or m. This latter
assumption is of course not correct for lines of large optical
thickness because in this case we have B, f. =0 and J.' =
Sk (see Eq. (5)) so that the net rate of the transition is zero
and cancels from the rate equations even for arbitrary values
nt and n;. In such a situation n; is determined by other transi-
tions populating or depopulating level i. However, if we have §,

(12)

denotes the Saha-Boltzmann fac-

(13)

(14)
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B. > 0, it must still be shown that other transition mechanisms
(for instance electron collisions) are negligible.
In the following we present and discuss our results.

i) Population of ground levels

The stratification of ground level populations for the strongest
ionization stages of the elements N, S, Ne, A and Fe for our
model 2 are shown in Fig. 3a. To have a direct comparison with
Abbott’s approximation the results are expressed in units of the
numbers obtained by Eq. (12). This means that in Fig. 3a loga-
rithms of the departure coefficients from Abbott’s approximation
are plotted. As can be seen, the deviations are considerable and
lead to a preference for higher ionization stages. In the inner part
of the envelope they are largest (up to 3.5dex), whereas they
decrease towards the outer part of the wind but still remain
significant.

Compared with Abbott and Lucy (1985) the deviations are
even larger. We do not demonstrate this with an additional plot
since this is immediately evident from Eq. (13) and the fact that
ar > o, (for examples see Aldrovandi and Péquignot, 1974).

To disentagle whether this is an effect of the optical thick
continuum or the multi-level treatment including collisions, we
have plotted in Fig. 3b the corresponding results of model 4,
where an optically thin continuum is assumed. Obviously, sig-
nificantly higher populations are also obtained in this case
especially in the inner and intermediate part of the envelope.
However, in the outer part of the wind the groundstate popula-
tions of N v, Svi and A v1 decrease rapidly even below Abbott’s
approximation. This means that the optical thickness of the con-
tinuum is the major effect in the outer part of the wind, whereas
in the inner part of the wind, where the mass loss rate is fixed,
the multi-level treatment dominates. The different behaviour of
Nerv and Fewvr in this region is explained by the influence of
metastable levels, which are populated nearly in LTE relative to
the ground level in the whole wind, provided that they are not
highly excited (see discussion below).

The detailed analysis of the importance of the individual pop-
ulation mechanisms in our rate equations for the important inner
part of the wind revealed that—surprisingly—electron collisions
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Fig. 3 a and b. The logarithm of the ground state occupation number divided by the value obtained in Abbott’s approximation (see Eq. (12))
versus the logarithm of the proton density of { Pup: (®) Nv, (O) Svi, (x) Ne1v, (+) Avi, (OJ) Fevr. For a detailed discussion see text. a model 2,
b model 4 (the calculations are based on the hydrodynamical structure of model 3)
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are dominant for the excitation of lower lying levels above the
ground state. This is caused by the fact that most of the lines
of the relevant ions have escape probabilities f, . very close to
zero, so that their net rates are unimportant (This concerns
mainly the principal ionization stages of each element, which
produce the strongest lines.). Moreover, it turns out that for an
individual excited level the collision rates dominate also over ra-
diative ionization and recombination rates at least up to levels
that have ionization edges with A, < 300A (for a more de-
tailed estimate see Appendix C). The result is that such lower
lying excited levels have populations very close to LTE relative
to their ground state (this holds especially for metastable levels,
see also iii):

n; <ni)*
—_— z pa——

b
ny ni/r.

Since Eq. (15) is identical for the population of excited levels with
the one used in Abbott’s approximation, it is of course at first
glance surprising as to why we obtain such large deviations in
Fig. 3b. The answer is, however, simple and lies in the treatment
of total ionization and recombination.

While Abbott allows for ionization and recombination from
and towards the ground level only, our multi-level calculations
include the same processes from excited levels as well. Conse-
quently, in the Abbott-approximation the ionization equation is

nR(Te) = m Ry (T), (16)

where the radiative rates are defined by Eq. (11) (for J,= W
B,(Tg) and stimulated emission neglected this is equivalent to
Eq. (12)). In an analytically simplification of our case (model 4),
however, a “block of LTE-populated levels” contributes to radia-
tive ionization and recombination:

fOT | < ipngy - (15)

ny zl (nj/nl)?'eRjk(TR) =N '21 Rk]{Te)' @an
= 1=

(It can be shown easily that collisional ionization and re-
combination are unimportant in this cool wind model). Now
it is important to realize that Ry(Tg) cc exp(—hv/kTy) and
that Ty (A <228 A) ~ 30,000K (see Kurucz, 1979), whereas
Tg (A > 228 A) & T.;; = T.. This means that the ionization prob-
ability from excited levels with 4; > 228 A is much larger than
from the ground state. If one reduces the sum on the left side of
Eq. (17) to 3¢ (m/ny)*Ry(Ty) with [ being the lowest level for
which 4, > 228 A and A, ~ 4, for I;,1, € M, one obtains a lower
limit for the ionization departure coefficient

<ﬂ> / (n_> Ly (mRRTR) RulT) o T, v
ny Nija 1eM Ri(Twr,) ZRkj(Te) ar Ty, vi
J

exp(—hv,/kT.)exp (hv,/kTy,) IZM gi/g, > 1, (18)

where the photoionization cross sections at threshold were as-
sumed to be equal.

Table 1 gives values calculated according to Eq. (18) and the
corresponding correct calculated values of model 4 (inner part of
the wind) for the ions displayed in Fig. 3. The comparison shows
(see also Fig. 3b) that Eq. (18) gives a reasonable order of mag-
nitude estimate, at least for the inner part of the envelope where
the lines have still a very small escape probability. The gradient
in Fig. 3b, which is not predicted by Eq. (18) occurs because
the collisional rates decrease and the escape probabilities increase

Table 1

Upper Excitation Log(m/n )

ionization energy (/)

stage (1) (105cm™Y) Approximate Correct
value value
(Eq. 18) (modet 4)

Nerv 2.046 1.16 1.20

Nv 2.354 2.60 2.63

Svi 2.000 2.15 2.30

Avi 2.186 3.36 3.13

Fevi 2213 243 2.00

outwards, which leads to a depopulation of upper levels and
consequently weakens the ionization from excited levels. This
is discussed in more detail in the following subsection.

ii) Population of radiatively coupled low lying levels

We have shown that for low lying levels n;/n; corresponds to the
LTE value if the radiative b-b rates are in detailed balance. Thus
lines in the optically thick limit do not influence the populations
if electron collisions are strong enough and lines in the optically
thin limit depopulate the occupation numbers relative to the
LTE value (see the discussion of Eq. (14)). Hence, the question
arises up to what point in the wind even the strongest lines can
be so optically thick that the corresponding rates are in detailed
balance. The corresponding departure coefficients defined as
(n;/ny)/(ny/n,)* for the upper levels of the resonance lines of C1v
and Nv are given in Fig. 4. Both lines are in clear detailed
balance up to a particle density of 10**. Therefore, the population
of the upper level of the C1v and N v resonance lines are deter-
mined by collisions in the lower and approximately in the inter-
mediate part of the wind. In the upper part of the wind the line
radiation field dominates and pure resonance scattering domi-
nates the population of the upper level.

iii) Metastable levels and connected high lying excited levels

Metastable levels are of special interest for the wind acceleration
mechanism since their radiative decays are strictly forbidden

v/ 048
978 © 868 670 .394 134 .015
T | — T 1
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o
o
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Fig. 4. Logarithmic departure coefficients for the upper levels of the reso-
nance lines of C1v (+) and Nv (x) as a function of logarithmic proton
density. Note the definition of b; = (n,/n,)/(n/n,)* (see also text)
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Fig. 5. a Simplified Grotrian diagram of Ne1v. b Logarithmic departure coefficients for the three excited levels of Neiv marked in Fig. 5a: (+)
32Dyy 572, (X) 3*Psjp—1/2, (@) 3°Psj; ;5. ¢ Same as Fig. 5b for the three metastable levels (x) 2P%; 35, (+) 22D, 3,5, (®) 3°8%,,

under wind conditions. Consequently, they are strongly popu-
lated and thus these levels contribute to the total photoioniza-
tion rate throughout the wind and the related lines contribute
strongly to the line force. Therefore we discuss as an example
the three metastable levels of Ne1v together with three high
lying, radiatively coupled excited levels. A simplified Grotrian
diagram with the corresponding levels (note that the population
of the ground state (2*S3),) has already been discussed in i) is
given in Fig. Sa.

The departure coefficients (defined as in ii) of the metastable
levels (3°SY,,,2°DY,; 3/2,2°PY5 3,) are displayed in Fig. Sc,
whereas in Fig. 5b the departure coefficients of the excited levels
are plotted (3°P3,_7/2,3"D3)2,5/2, 3*P5/2_12)- Also given in Fig.
5b is the dilution factor (open circles). These values should be
approached for excited levels coupled by an optical thin line (see
discussion of Eq. (14)). This is well reproduced for the excited
level of the sextet system because it is only radiatively coupled
to the metastable level by a line that is in the optically thin limit
throughout the envelope. However, the lower metastable level of
this line, for which Abbott (1982) and Abbott and Lucy (1985)
assumed LTE, deviates from LTE as it is determined mainly by
collisions in the inner part and by b-f processes in the outer
part of the envelope (see i).

Another interesting case is the population of the excited quar-
tet level which is radiatively coupled to the ground state. The cor-
responding line is optically thick throughout the wind (T =~ T,).
However, apart from the innermost part of the wind (n, ~ 10'?)

the line rates are not in detailed balance, since the collision rates
are too weak due to the high excitation energy of the level. Thus,
the approximation made by Abbott and Lucy (see Eq. (14)) is
nearly correct for high lying excited levels.

A more complicated case are the levels of the doublet system
since they represent a real multi-level situation. As the meta-
stable levels are low lying levels they are in LTE as long as
their influencing lines are in the optically thick limit. But this
holds strictly only up to a particle density of 10'!. Below this
density the lines gradually deviate from detailed balance. If the
gf-values belonging to the 2*PY, 5/, level are greater or lower
than those belonging to the 2°D$, 5/, level, the electrons are
reshuffled due to lines with equal upper levels. This process, which
explains the departures of the doublet metastable levels shown
in Fig. 5c, does not work for lines which become optically
thin.

4.1.3. Superionization

As discussed in Sects. 1 and 2 the observations show in the wind
of {Pup the existence of anomalous high stages of ionization
like O v1 together with low stages like Cmr. If our models are
basically correct, they should be able to reproduce the observed
resonance lines of O vi and Cur at least qualitatively. As far as
Ov1 is concerned, we are encouraged by the results of Sect.
4.1.2.i). A simple estimate using the approximation of Eq. (18)
yields log(no /Mo v, avbo) = 3.14 (the correctly calculated value
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of model 4 (inner part of the wind) is 3.20) and log(ngv./
Novr, abbor) = 7.32 (the correctly calculated value of model 4 is
given in Fig. 6a).

Figure 6 shows the results of the calculations for the different
models together with the observed ionization fractions. We first
discuss O vi1 (Fig. 6a). As was to be expected from our estimate,
model 1 (which makes use of the Abbott-approximation) fails
completely. However model 4, in which an optically thin con-
tinuum is still adopted but where collisons are included in the
multi-level calculation, comes much closer to the observations in
the lower and intermediate part of the wind, whereas in the outer
part no improvement is achieved. Therefore, the effect of ioni-
zation from collisionally excited levels alone is not sufficient to
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Fig. 6a. Logarithmic ionization fraction of Ovi for the 5 models of ¢
Puppis: (x ) model 1, (@) model 2, (O) model 3, (W) model 4, ((J) model
5. The cross corresponds to the observed value determined by Lamers
and Morton (1976) and the two nearby bars to the limits found by
Hamann (1980), (the calculations are based on the hydrodynamical struc-
ture of model 3)
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Fig. 6d. Same as Fig. 6c, but for Svi (x), Nv (+), C1v (@). (The ver-
tical bars correspond to the observed values, Lamers and Morton, 1976;
Hamann, 1980)

produce observable O vi. Including, however, the effect of the
optically thick continuum (model 2) leads to an additional in-
crease, especially in the outer part of the wind, and to rough
agreement with the observed value.

On the other hand, we also have to explain Cu1 As Fig. 6b
shows, model 1 (Abbott’s-approximation) is much closer to the
observations than multi-level models 4 and 2, which of course
again lead to much higher ionization. Consequently, a hasty con-
clusion would be that our “improved” NLTE calculations now
solve the superionization problem but fail to reproduce low ion-
ization stages like Cm. However, the results for model 3 and 5
(temperature stratification with correct and optically thin con-
tinua, respectively) indicate that this is not the case. Due to the
temperature stratification we obtain O VI in the inner and inter-
mediate part of the wind and Cr in the outer layers. Line pro-
files calculated with the occupation numbers of model 3 are given
in Fig. 7 (for the red doublet components only to give a qual-
itative impression. A detailed comparison with observations will
be given in a follow-up paper. The profile calculations were made
using the same program as described in Paper I, which was kindly
made available by J. Puls). The results are in rough agreement
with the observations. Observable O viis clearly produced by our
calculations, although v, is not fully achieved in the profile. C1n
is obtained only between 0 < v/v,, < 0.15 and 0.7 < v/v, < 1 in
the moment. However, we feel that further improvements (dielec-
tronic recombination for Cm (see 3.3.), modified temperature
structure for O vi) will allow to overcome these problems.

Additionally, Fig. 6¢c and 6d show for model 3 the ionization
fractions of S1v, Nm and S v, Nv, C1v, respectively. The com-
parison with the observed fractions (Hamann, 1980; Lamers and
Morton, 1976) are within the same quality as for O vi and Cm.
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We thus conclude that a cool wind model with a detailed self-
consistent non-LTE multi-level treatment for the populations is
able to reproduce the principle behaviour found by observations.

4.1.4. Back reaction on line force and wind dynamics

Now we discuss the back reaction of the level population changes
on the line force and the wind dynamics. The force multiplier
M(t) (the total line force in units of the Thomson-scattering force,
t = 0.pv,/v" the wind depth variable, see Paper I or Abbott,
1982) is shown in Fig. 8 for four of our models. Obviously, there
are great differences between model 1 and the other models 2,
3, 4 based on the non-LTE multi-level calculations. The reason
for this is, of course, the change in ionization balance as dis-
cussed in Sects. 4.1.2 and 4.1.3. Since the higher ionization stages

305
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Fig. 8. Logarithm of the force multiplier as a function of depth parameter
t (for definition see text) for four models of { Pup. ( x ) model 1, (®) model
2, (O) model 3, (O) model 4. (The calculations are based on the hydro-
dynamical structure of model 3)

have fewer strong lines at the radiative flux maximum, the net
radiative line force decreases for models 2, 3 and 4.

In addition to the total line force it is also interesting to dis-
cuss how much of the acceleration is provided by lines in the
optically thick limit and which individual elements are providing
the line force.

The percentage contribution of lines in the optically thick
limit for the models 1, 2, 3, 4 are given in Fig. 9. The most
significant feature, in the lower and intermediate part of the wind,
is the large contribution of optically thick lines in the non-LTE
models with the correctly calculated continuum (models 2 and 3).
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Fig. 9. Same as Fig. 8 for the fractional contribution of strong lines to
the force multiplier
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Fig. 10a and b. Individual contribution of the most important elements to the line force at inner, intermediate and outer part of the wind. a model
1; b model 2. (The calculations are based on the hydrodynamical structure of model 3)

Here up to 75% of the force comes from lines in the optically
thick limit. In the outermost part of the envelope the contribu-
tion of thin lines increases in all models as a consequence of
the lower density.

Figure 10 shows the distribution of the line force on the most
important elements for a point in the lower, intermediate and
upper part of the wind, respectively. Iron, oxygen, sulphur and
argon are the main contributors in model 1 (Fig. 10a), whereas
the influence of iron is strongly reduced in model 2 (Fig. 10b)
and Ne, N and Ca are much enhanced. However, no single ele-
ment dominates the acceleration throughout the envelope in
either of these models.

Table 2. Wind parameters

An additional important question is, which ionization stages
of an element contribute most to the force? As an example, Fig.
11 shows the distribution of the force on the important ionization
stages of iron for models 1, 2, 5. The striking feature of Fig. 11
is that Fe1v contributes less to the force for model 5 and even
less for model 2 than model 1. The opposite holds for Fe vi. This
shift to higher ionization stages of Fe is mainly responsible for
the decrease of the total line force in the non-LTE models and
has important consequences for the mass-loss rate that is signifi-
cantly reduced by this effect.

The results of our hydrodynamical radiation driven wind cal-
culations (see Sect. 3) are summarized in Table 2. It is very satis-

Model 1 2 3 4 5 Observation Source
M 14 45 4.6 8.0 8.3 4t06

(1075 Mg yr~Y) . . 4.6 . . a

Vo 2450. b
(kms~Y) 1600. 1920. 2200. 1687. 1565. 2660, c

a) Abbott and Lucy (1985)
b) Hamann (1980)
¢) Lamers and Morton (1976)
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Fig. 11. Distribution of the line force contribution of the ionization stages
of Fe for model 1 (dashed), model 2 (fully drawn), model 5 (dotted) of
{ Pup at three depths in the wind. (The calculations are based on the
hydrodynamical structure of model 3)

fying to see that, while model 1 (with the most simplified ap-
proximations for the occupation numbers) fails to reproduce the
observations in a quantitative sense, model 3 (the most elaborate
one) comes very close. Only a few hundred km s ™! are lacking for
v,. However we believe that with the inclusion of the effects of
line overlap this difference will vanish.

A brief comment is necessary on Paper I. Here Pauldrach et
al. on the basis of calculations as in model 1 achieved good
agreement with the observed values of M and v,,. As model 1
now fails in the case of { Pup the question arises as to why these
calculations did not fail for the objects in Paper I. The answer
is simple. As the stellar parameters of the objects in Paper I taken
from literature were not very precisely determined, they were
“adjusted in an allowed range” to demonstrate that the improve-
ments made in Paper I allowed the observations to be matched
in principle. It was, however, pointed out that a very detailed
comparison with objects with precisely determined parameters
via detailed spectroscopic NLTE analyses would be necessary
to provide a real test of the theory. { Puppis is such an object in
which one cannot “adjust”, for instance, logg by more than
+0.1dex. It is therefore very important that the much more
sophisticated (and extensive) calculations come closer to the
observations.

4.2. A wind model for 1-Sco

The most accurate determination of the effective temperature and
gravity has been made recently by Herrero (1986), who used a
non-LTE model in order to compare the observed hydrogen and
helium spectrum with numerical predictions. The derived values
are:

T = 33,000K, logg=4.15+0.1
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A problem for the present purpose is the great uncertainty in the
stellar radius. Lamers and Rogerson (1978) found a value of
R =6.7R; using an absolute V-magnitude derived from the
p-index and the predicted bolometric correction. On the other
hand, using the distance of d = 178. + 10 pc obtained from the
motion of the Scorpius-Centaurus association (Bertiau, 1958) the
model atmosphere flux and the apparent dereddened V-magni-
tude, a value of R = 5.5 R, is derived (Kudritzki, private com-
+62.5
—21.
trigonometric parallaxes (Jenkins, 1951) R = 3.5 R, is found.

A comparison of the radii with evolutionary models suggests
a somewhat evolved main sequence star for the first radius, a
ZAMS-star for the second and a hot subdwarf-O-star for the
third one. (Of course, it seems to be adventurous to consider t
Sco as a hot subdwarf-O-star and thus we shall ignore the last
radius). In the present calculations a radius of 5.5 R, is adopted.

A slight modification is made concerning the element abun-
dances. Contrary to { Pup, only a few elements contribute to the
line force (see below). Taking into account the results of Hardorp
and Scholz (1969), Schonberner et al. (1986), Gehren et al. (1985)
a reduction by a factor of 1.5 was adopted for these elements.

As for { Pup a slow falling temperature structure for radiative
equilibrium was assumed (see Fig. 1). Thus, the following model
corresponds to model 3 of { Pup.

As the wind density of TSco is much smaller than that for
{ Pup (2dex in density at comparable radii (r/R), see below), the
total continuum is optically thin in the whole wind. Thus the
continuous mean intensity that enters in the photoionization and
recombination rates is formed mainly at the base of the wind at
a local electron temperature of 30-35kK (note: this leads to a
much higher radiation temperature than is given by Kurucz,
1979). For {Pup we have shown that it is possible to explain
the observed high ionization species by photoionization from all
considered levels in a cool wind model. As 7 Sco has a significantly
smaller effective temperature, it is a priori questionable whether
the anomalously high ionization stages, observed also for 7 Sco,
can be explained by the same mechanism. Figure 6a (model 3 of
{ Pup) indicates that for a local temperature of 33kK (v/v,, ~
0.868) the O vi ratio is smaller than the observed one for t Sco
(see Hamann, 1981; Lamers and Rogerson, 1978). However, as
shown by the same authors, the mass loss rate for 7 Sco is ap-
proximately 3 dex smaller than for { Pup. Adopting nearly the
same velocity law for both stars yields a 2 orders of magnitude
decrease in the density at equivalent depths. Consequently the
radiative recombination coefficients, which are linearly propor-
tional to the density, decrease markedly. Additionally, the
radiation temperatures of the line-blanketed photospherical
emergent fluxes are greater than T for some threshold values
of excited O1v, O vand N1v, NV levels and these levels contrib-
ute an important amount to the total photoionization rate of
each ionization stage (see 4.1. 2.i), as in the case of 7 Sco are less
lines in the optically thick limit (see below) and collision rates
are smaller due to the decreased density, mainly metastable levels
are affected). Thus, no easy estimate for the superionization is
possible. Only a detailed calculation can give an answer.

The force multiplier M() for zSco is shown in Fig. 12a.
Compared with { Pup (see Fig. 8) a completely different structure
for the force multiplier is obtained. Thus, it is not surprising that
the character of the individual lines that contribute to the accel-
eration has also changed. Figure 12b shows the percentage

munication). Finally with d = 62.5 pc as obtained from
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Fig. 12a. Logarithmic line force multiplier for the 7 Sco model
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Fig. 12b. Fraction contributed to the force multiplier by strong lines

contribution of lines in the optically thick limit. The striking fea-
ture is that optically thick lines contribute more than 50% to the
total line force only up to v = 0.2v,.. In the outer layers this con-
tribution is reduced to 15%,. Thus in the intermediate and outer
part of the envelope the wind is driven mainly by lines that are
not opaque enough to have observable, blue-shifted, absorption
profiles. Because of this, it is questionable as to whether this part
of the halo can be really observed in P Cygni profiles. Another
interesting point concerns the distribution of the individual ele-
ments on the force multiplier. Figure 13 shows that at the base
of the envelope the force is distributed among many elements,
as usual. But in the intermediate and outer part of the halo only
O, N, Ne, C, A and S contribute to the force, the amount from
all other elements is negligible. This indicates that only this small
number of elements are relevant for the low dense wind of © Sco.

The mass loss rate derived for the applied model is M =
5.107° Mg yr~!. A value that is close to the empirically esti-
mated ones of Lamers and Rogerson (1978) M = 7. 4+ 1.610~°
Mgyr~! and Hamann (1981) M = 2.+ 2.10"° M yr . For
the terminal velocity the obtained value is, with v, = 3850
kms™!, much greater than v, ~ 2000kms~! derived from ab-
sorption profiles (see Hamann; Lamers and Rogerson). But, as
was suggested above, it seems that the dynamically obtained ter-
minal velocity cannot be derived from absorption profiles due
to the low density far out in the wind (see below). This is also
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Fig. 13. Elemental distribution of the line force in the lower, intermediate
and upper part of the wind model of t Sco

supported by the extremely large acceleration of the flow (see
Fig. 14) which gives v ~ 2000kms~* at R = 2. R, —also sug-
gested by Lamers and Rogerson —and which ensures that the
observed envelope is close to the star.

In Fig. 15 the observed (Hamann, 1981) and calculated ion-
ization ratios of C1v, Nv, and O vi are compared. The calcula-

4000 T T T T
T-Sco

@3000 r —
€
=
>

2000 T-Pup 7]

1000 .

I 1 1 ]

-2 R
! 0 log(r/R,-1) !

Fig. 14. The theoretical velocity fields for { Pup and 7 Sco
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Fig. 15. Calculated ionization fractions of O vi (@), Nv (x)and C1v (+)
for the T Sco model

tions give the observationally suggested ratio of C1v and for Nv
a value only 0.5dex larger than the observed one, but at least
1dex is missing for O vi. Nevertheless it is not yet possible to
decide if this difference can be decreased through a more elabo-
rate calculation of the ionization balance. We have had to make
a variety of approximations for the atomic data (see Appendix).
In addition, as pointed out in Sect. 4.1.2.1), the ionization balance
depends crucially on the emergent photospheric flux due to pho-
toionization of excited levels. At the moment we feel that a
calculation in which no use of an emergent photospheric flux is
made, but rather the envelope and photosphere are treated fully
consistently, can decrease the “small” deviation of 1dex for the
O 1 ratio. The increase in photoionization from excited levels
in the lower part of the wind also explains the decrease in the
high ionization species in the outer part of the envelope (see
Lamers and Rogerson). Since in the outer part, the ionization
equilibrium drops to lower stages when the lines become opti-
cally thin (see Sect. 4.1.2.i), the photoionization from excited levels
is of less importance. Additionally, dielectronic recombination
has a non negligible influence in this region due to the extremely
low density.

In Fig. 16 the N v doublet line profile is given. For this calcu-
lation the doublet was considered as a single line since only a
qualitative comparison with observations is intended at the
moment. The basic features of Fig. 16 are:

— The emission component is about 20% above the contin-
uum. This is in agreement with observations (Lamers and
Rogerson found about 10%).

— As Nv already exists at the base of the envelope (see Fig.
15) the strongest absorption occurs at a very low velocity v
~200kms~!. This result is also consistent with observations.

— For velocities greater than 1600-2000kms~* the absorp-
tion wing drops to almost 80% of the continuum level. As the
observed far blue wings for Nv, O vi and C1v also lie immedi-
ately below the continuum level in this velocity range, this con-
firms our conclusion about the ionization stratification and the
fact that absorption features with v > 2000km s~ are scarcely
detectable. Consequently, v, might be much larger, as predicted
by the absorption lines.

5. Conclusions and future work

By our calculations we have demonstrated that non-LTE multi-
level effects are extremely important for the ionization and
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Fig. 16. Comparison between the observed and calculated blue compo-
nent of the Nv doublet resonance line for the 7 Sco model. The bars
indicate the location of the observed values (see Lamers and Rogerson,
1978). These are somewhat below the assumed continuum even for
velocities up to 3000kms~!). The dashed line represents the terminal
velocity assumed by Lamers and Rogerson for the N v line. For a detailed
discussion see text

excitation in the plasma of hot star stellar winds. Previous ap-
proximations such as the “quasi-gaseous nebula approximation”
used by Abbott (1982), Pauldrach et al. (1986), Kudritzki et al.
(1986) and the complete gaseous nebula approach by Abbott and
Lucy (1985) do not lead to a quantitatively correct description
of the ionization fractions in cool wind models. As a result of
our improvements, a signficant shift to higher ionization stages
is found. This is caused by the correct radiative transfer of the
optically thick continuum shortward of 228 A. This effect is
enhanced by collisional excitation of low lying excited levels with
ionization wavelengths larger than 228 A and subsequent photo-
ionization from these levels that are exposed to the full photo-
spheric continuous radiation field.

Excited levels —in particular those with very strong reso-
nance line transitions — are in many cases poorly approximated
by the collision free two-level approximation at least up to
n, > 10'° cm~3. The reason is that the net rates of these tran-
sitions cancel from the rate equations because of their large op-
tical thickness. Consequently, the corresponding occupation
numbers are determined by the remaining transitions, i.e. colli-
sions, bound-free rates and other line transitions. The conse-
quences of this effect for stellar wind diagnostics on the basis of
the usually observed UV resonance lines will be investigated in
a forthcoming paper.

An important consequence of the non-LTE multi-level calcu-
lations and the shift to higher ionization stages is that high ion-
ization species like O vi, Svi, Nv can be produced easily in an
O-star cool wind model. Thus the longstanding problem of
“superionization” can be solved without any other source of ion-
ization. This holds at least for objects as hot as {Pup (T =~
42,000K). For very late O-stars like 7 Sco at least Nv can be
easily obtained. At the moment, the calculations still fail margin-
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ally to produce the observed amount of O vi1 in the case of 7 Sco.
This will be subject to further investigations and additional
calculations.

The influence of the improved occupation numbers on the
wind dynamics is significant. The shift to higher ionization stages
weakens the line force and leads to a mass-loss rate and terminal
velocity very close to the observations for { Pup. For tSco a
reasonable mass-loss rate is also found. The velocity field already
reaches a value of 2000kms ™! very close to the star. This value
is observed with some uncertainty from the shallow blue wings
of the UV-profiles. In the outer layers the velocity rises further
up to 3850kms~! but here the ion densities are too small to
produce effects on the observable profiles.

From these results we conclude that the concept of radiation
driven cool winds is the right way to describe quantitatively the
rapidly expanding envelopes of hot stars. Of course, the present
work is only a first step. The next one will be to include the
effects of multiple scattering in a comparable realistic selfconsis-
tent treatment. At first glance this appears to be a hopeless task,
since all multi-level rate equations for the different elements are
directly radiatively coupled due to the overlapping line transi-
tions. However, the treatment of the problem within our group
(mainly J. Puls with A. Pauldrach and R.P. Kudritzki) is well
advanced and first results will be forthcoming soon. With this
important effect included, detailed stellar wind model calcula-
tions will be undertaken not only for OB-stars but also for Wolf-
Rayet stars. For the latter case the results by Pauldrach et al.
(1985) indicate that the situation is not completely hopeless.

Another crucial topic is the selfconsistent treatment of the
energy balance in the stellar wind. Here one will have to investi-
gate how the radiative equilibrium is affected by the probable
energy dissipation in shocks (Lucy and White, 1980; Lucy, 1982).
We suggest the use of the detailed and improved wind models
for an analysis of the stability of the acceleration mechanism and
the wind flow (see Owocki and Rybicki, 1985). The results could
then be taken to investigate the shock properties, in particular
the EUV- and X-ray radiation field emitted by them (Krolik and
Raymond, 1985). This will be of course extremely important for
the quantitative reliability of the ionization calculations.
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Appendix A

Table Al shows the elements (column 1) and ionization stages
(column 2) considered in the NLTE calculations. In column 3
and 4 the ionization energy of the ground level and the excitation
energy of the highest considered level are given for the corre-
sponding ionization stages, respectively.

It should be mentioned that beside the usual packing of fine
structure levels for most ionization stages of iron (asterisk) an
additional packing of levels was necessary in order to treat the
contribution to the line force of these stages correctly. Of course,
only those levels have been packed that are not connected by a

line transition and whose excitation energy difference is negligi-
ble, so that they may be expected to be in LTE with respect to
each other because of collisions even at low densities.

Appendix B
1. Photoionization cross-sections

The cross-sections for b-f absorption «;(v) of level i have been
used in the usual Seaton approximation given by

o (v) = a (B~ + (1 = B)v/v) ™)

where t stands for the relevant threshold value.

At the moment we are not in a position to apply for all the
levels the correct photoionization cross sections at threshold and
the parameters f and s. Thus, an approximation is needed for
these values. Hence, for o, the approximate formula given by
Gould (1978) was used

@S+ DL+ 1)
NETES+ )L+ 1)

(A1)

7.907 10~ *8(Iy/I)(NE/n) (A2)
where I, and Iy are the ionization potentials of the considered
ionization stage of level i and of the hydrogen ground level,
respectively. NE is the number of active bound electrons available
for photoejection from level i and n is the principal quantum
number. As with the ionization energies from the ground levels,
both of these values were taken from Moore (1971a, 1970, 1971,
1975, 1980), Bashkin et al. (1975) or Allen (1973); if no informa-
tion was available there, the values were derived along isoelec-
tronic sequences. The factor including the quantum numbers of
the total spin and angular momentum of the lower ionization
stage (see also Gould) was, for those cases in which this informa-
tion was unavailable, approximated by the corresponding hy-
drogenic value (2J + 1)/(2n?).

We have chosen Eq. (A2) for the threshold value because
Gould has shown that this approximation is accurate within a
factor of two for the low lying levels of nearly all ionization stages
and we have verified that this is nearly correct for excited levels.

Until now, apart from H and He, the parameters § and s
have been set generally equal two, since this number is a rea-
sonable approach for many cross-sections. Of course, the main
aim for future work will be to include the exact form of all those
photoionization cross-sections presently known and needed for
our calculations.

2. Collisional excitation and ionization rates

For excitation rates in radiatively permitted transitions the van
Regemorter expression was used for g;; as given by Mihalas
(1978, Eq. 5-75, 5-76). All other collisional rates were obtained
from the formula

8.631107°

4 =12
g ngi/z

g N
qij = g_J qjiexp(_hvij/kTe) (A3)
given by Osterbrock (1974). As it is mainly the ratio of the colli-
sional rates given in Eq. (A3) that influence the occupation num-
bers of excited levels, Q was set equal 1 in all cases for which
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Table Al. Atomic structure of the elements and ionization stages considered in the calculations

Element Ionization Ioniz. energy Excitation energy Element Ionization Ioniz. energy Excitation energy
stage of ground level of highest con- stage of ground level of highest con-
(em™1) sidered level (em™1) sidered level
H 1 109678.76 106632.6 cl 1 104991.00 91564.3
11 192000.00 132191.3
He I 198305.00 186209.3 o 32193600 196155.8
11 438908.67 426821.0 : :
v 431226.00 315121.0
c 1 90820.42 79323.2 v 547000.00 423022.0
11 196664.70 145550.7 vI 780000.00 578672.0
111 386241.00 358097.8
A I 127109.90 115366.9
v 520178.40 471406.8
11 222820.00 159706.5
N I 117225.70 99663.9 111 329965.80 196679.8
11 238750.50 188937.2 v 482400.00 268171.4
III 382703.80 379371.1 v 605100.00 301300.0
v 624866.00 570381.3 VI 736600.00 342286.0
v 789537.20 713334.8
K 1 35009.78 31953.2
o 1 109836.70 99681.3 11 256637.00 215018.8
11 283590.90 232602.6 11 369000.00 263770.0
111 443193.50 379310.2 v 491300.00 273409.0
v 624382.00 554461.0 v 666192.50 292968.0
v 918702.00 612615.6 vI 804513.00 223840.0
VI 1114010.00 955856.0
ca I 49304.80 39340.1
F 1 140553.50 126581.2 11 95748.00 81517.0
11 282190.20 240179.2 111 413127.00 290934.3
111 505410.00 427624.2 v 542000.00 337207.0
v 703766.40 556216.6 v 680800.00 197849.0
v 921450.00 699350.6 VI 879139.90 231318.0
VI 1267581.00 790418.5
Ti 1 55138.00 17540.2
Ne 1 173931.70 164285.9 11 110000.00 25193.0
11 331350.00 279422.9 111 227000.00 137971.0
IT1 514148.00 440064.9 v 348817.80 312973.5
v 783880.00 588021.0 v 805500.00 612970.0
v 1019950.00 698516.5
v I 54361.00 15770.7
VI 1274000.00 771449.2
11 114600.00 19191.5
Na 1 41449.65 36372.6 111 240000.00 56922.5
11 381528.00 364960.0 v 391000.00 155565.5
II1I 578033.00 547910.7 v 526000.00 403933.0
v 797741.00 644140.0
cr 1 54565.00 25771.4
v 1118170.00 801950.0
11 133060.00 34813.1
VI 1390558.00 924183.9
IT1 249700.00 51093.1
Mg 1 61669.14 56968.3 v 400000.00 119670.0
11 121267.41 97468.9 v 589700.00 239917.5
111 646364.00 546907.8 vI 730900.00 383304.0
v 881759.00 797056.0 6.00
v 1139421.00 764591.0 o T 59960.0 31124.9
v1 1507520.00 1100146.0 i 126147.00 38901.8
111 271800.00 72184.8
Al I 48279.16 45457.2 v 414571.70 112882.8
11 151860.40 125866.7 v 613200.00 205126.0
II1 229453.99 201969.5 vI 782353.80 336126.0
v 967783.00 767041.0 0.00
1 700. .
v 1240600.00 358810.0 Fe 63 24,00 23270 ;
I . . *
vI 1536300.00 1174450.0 I 1305 39109
111 247200.00 89491.4 *
s1 1 65743.00 54871.0 v 441993.70 186762.0 *
11 131838.40 108820.9 v 608945.80 259995.2 *
III 270139.30 209504.0 vI 806550.40 365494.0 *
v 364093.10 299676.9
co 1 63438.00 24733.3
v 1345100.00 1105550.0
11 137572.00 42008.6
VI 1654800.00 1329900.0
111 270200.00 73861.8
P 1 88560.00 65787.4 2900 31786 2
11 158550.00 88894.0 N B 61308'00 53705.9
111 243290.00 191639.5 1 146408. o :
.0 71.
v 414312.40 298327.0 i 283700 112391 ;
v 524462.90 414684.4 v 442668.20 146194.
vI 1778250.00 1582860.0 v 608945.00 164713.9
vI 871074.40 309975.7
s 1 83559.30 74975.8 20
1 7. .
11 188824.50 119294.7 ca 222;5 0 “7:4 :
I . .
111 282752.00 174036.2 I : 93563
III 297100.00 128679.4
v 381541.40 271010.4
v 584700.00 349773.0 Zn I 75766.80 68450.1
VI 710194.00 629395.0 11 144890.60 49370.3
ITI 320300.00 221343.6
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Eq. (A3) was applied. This value is a representative one (see
Osterbrock, 1974, p. 46, Table 3.3-3.7).

Finally the collisional ionization cross-sections were ex-
pressed in terms of the photoionization cross-sections at thresh-
old derived by Seaton and also given by Mihalas (Eq. 5-79).

Appendix C

To check the influence of collisional rates on the population of
the excited levels, we consider the rate equations assuming that
all lines are in detailed balance

LI n
(z Cyj+ R.k> Y 2 Cy+ ARy, (A4)
ny \j#i JFily ny
and insert the ionization equation
n;
2Ry Z Ry (AS)
FRG
thus we obtain
RikRki> - Ny ( Ry Ry
Ci;+ Ry — =Y L Ci+T5 (A6)
ny <J;1 / k Z Ry J;l n, Z Ry
From Eq. (A6) it is obvious that for any i < i,,, n;/n, ~ (n;/n,)*
if
“ Ry Ry;
Ci;;>Ci;» Ry > Ry, —
J;i ! ! g . ; Rkl
R
C;>»R; > RiRy (A7)
J Jk Z Rk’
or
Ci;» Ry
In the case i,,, >j > i we find
C; 1.510?2
i e (A8)

Ry~ W VIT!2Ty exp(—hv/kTy)

(where Eq. (A3) and (A1) were used assuming Q2 =1 and ¢, =
10718, B = s = 2, respectively), whereas for j < i < iy,
&z& xp (—hv;;/kT, A9
R~ R SxP (= kT, (A9)
we have to distinguish between the cases

i) v; > vyen Where Ty; < T, and thus Cj/Ry > C/R; for
Vi <;

ii) v; < vy n Where Tg; =~ T, and thus C;/R; = C;;/R;

Thus, i,,, has to be determined from Eq. (A8).

Assuming the worst case for (Pup ((ne/W)um ~ 3101,
Ty = T.) Eq. (A8) gives C;/R;, > 1 for A; < 286 A. Thus, as this
is due to our proceeding from the lower limit, LTE can be
obtained for the population of excited levels in cases where
A< 300 A and the b-b rates are in detailed balance.
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