[T991AGA T 243. ZA79T0

Astron. Astrophys. 243, 429-444 (1991)

The winds of O-stars

ASTRONOMY
AND
ASTROPHYSICS

I11. A comparison between observed and predicted degrees of ionization in the winds of O-stars

M.A.T. Groenewegen' and H.J.G.L.M. Lamers!*?

! SRON Laboratory for Space Research, Sorbonnelaan 2, NL-3584 CA Utrecht, The Netherlands
2 Astronomical Institute at Utrecht, Princetonplein 5, NL-3584 CC Utrecht, The Netherlands

Received June 26, 1989; accepted June 11, 1990

Abstract. The results of the UV linefitting of 26 O-stars and one
BO supergiant were used to compare the observed degrees of
ionization in the winds with the predicted ionization for wind
models calculated by Pauldrach (1987), Pauldrach et al. (1989)
and Drew (1989). We have compared the empirical ionization
structure in the entire wind for a few stars with the detailed
models. For all our sample stars we compared empirical ioniza-
tion ratios (e.g. N v/C1v, Si1v/C1v, N1v/N v) with their pre-
dicted values at v=0.5v,.

Both comparisons led to the same conclusion as to the origin
of the large discrepancies, up to factors 10% to 103, between
predictions and observations.

In general both sets of theoretical calculations predict too
much ionization. They underestimate the Si1v abundance and
overestimate the C Iv abundance at low effective temperatures.
The N v abundance is overestimated for stars earlier than O7, but
underestimated at O8 and later. The latter effect is the well known
superionization. Both sets of theoretical calculations do not take
Auger-ionization by X-rays into account which in principle might
explain the presence of N v at low effective temperatures.

Key words: lines: profile — stars: circumstellar matter — early type —
mass-loss — UV radiation

1. Introduction

All studies intended to derive the mass loss from hot stars on the
basis of the UV line profiles suffer from the uncertainty in the
degree of ionization and excitation in the stellar winds. That the
ionization balance cannot be explained by a simple equilibrium
with the photospheric radiation has been clear since the discovery
of ions like O vi and N v in the UV spectra of stars with types as
late as B3 (Snow & Morton 1976). Several explanations have been
proposed to account for the presence of these super-ions: a warm
wind of a few hundred thousand Kelvin (Lamers & Morton 1976;
Lamers & Rogerson 1978; Lamers & Snow 1978), Auger-ioniza-
tion, by X-ray’s either from a thin corona at the base of the wind
(Olson 1978; Cassinelli & Olson 1979; Waldron 1984) or from X-
rays produced in shocks (Lucy 1982) and photoionization from
excited levels (Pauldrach 1987). Cassinelli et al. (1978) argued
against a warm wind model on the basis of their fit to the Ha
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profiles in { Ori and { Pup. They found that the mass loss needed
to explain the Ha profiles would exceed the single scattering limit
M., =L/vc if the wind temperature was T=210% K. An im-
portant argument in favour of the explanation of the superioniz-
ation by Auger-ionization, ie. two-electron ionization, is the
observation that O VI occurs in the winds of stars in which
Oxygen is mainly O 1v, N V occurs when nitrogen is mainly N 111
etc. (Cassinelli & Olson 1979). _

The discovery of X-rays from hot stars (Harnden et al. 1979;
Long & White 1980; Cassinelli et al. 1981; Cassinelli & Swank
1983) has made the Auger-effect even more plausible for ex-
plaining superionization. Baade & Lucy (1987) showed that the
source of the X-rays cannot be a thin corona at the base of the
wind because of the absence of the Fe XI1v 5303 A coronal emis-
sion line. Moreover, a detailed study of the X-ray spectrum of a
few O-type stars by Cassinelli & Swank (1983) shows that at least
part of the observed X-ray flux must be generated throughout the
wind, rather than at the base of the wind. Therefore it is most
likely that the X-rays are created in shocks occurring in the entire
wind. It has been shown that the X-ray spectrum resulting from
such a model (Lucy 1982) is in accordance with observations if
one assumes the presence of some strong shocks (Cassinelli &
Swank 1983).

Linear stability analyses have convincingly shown that a line-
driven wind is unstable and it is therefore thought that such
instabilities will eventually result in shocks which heat the gas
(Lucy & Solomon 1970; MacGregor et al. 1979; Martens 1979;
Carlberg 1980; Lucy 1984; Owocki & Rybicki 1984, 1985, 1986).
Recently Owocki et al. (1989) have shown that the non-linear time
dependent evolution of instabilities can qualitatively explain
various observational properties of O stars, e.g. enhanced infrared
emission due to clumping in the wind and the presence of narrow
absorption components.

An alternative explanation of the superionization has been
proposed by Pauldrach (1987). He claimed that the problem of
superionization was only artificial and that it has arisen only
because the calculations so far did not include the full multilevel
NLTE calculations. He found that low lying levels were collision-
ally excited and subsequently photoionized to higher stages than
without collisional excitation. For { Pup he could explain the
presence of N v and O vI in the wind. However, Drew (1989)
found that the electron temperature in the wind is lower
(T,~0.6T,) than previously assumed in ionization calculations
(T,~0.8—1.0T,) by e.g. Pauldrach (1987), because of the
cooling from lines of abundant metals. This will decrease the
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importance of photoionization from collisionally excited levels. It
is obvious that both Auger-photoionization by X-rays and
photoionization from excited levels are important in determining
the ionization balance in the wind. Unfortunately calculations
including both effects have yet to be performed. This implies that
all studies using UV lines as a mass loss indicator have used
wrong (warm wind model, X-rays from a corona) or incomplete
(neglecting Auger-ionization or ionization from excited levels),
physical models to calculate the ionization balance. Therefore the
mass loss rates derived from UV lines with theoretical ionization
fractions may be seriously in error.

We have undertaken an effort in studying the stellar wind of
O-stars by means of a detailed analysis of the UV lineprofiles of
26 O-stars and one BO-supergiant. The observations are from the
most accurate data set available up to now, i.e. the Atlas of IUE
high resolution spectra of O-type stars by Walborn et al. (1985).
The observed profiles were fitted with theoretical profiles calcu-
lated with the SEI method (Lamers et al. 1987) in which the
formation of doublets and the effects of photospheric absorption
lines and turbulence in the wind is taken into account. The
analysis and the line fits are described in Paper I of this series
(Groenewegen & Lamers 1989a). The agreement between the
observed and predicted profiles is very good in most cases. The
resulting terminal velocities of the winds of O-stars were studied
in Paper II (Groenewegen et al. 1989b).

In this study we will derive the empirical ionization fractions
for the few stars in our sample for which accurate mass loss
determinations exist from radio measurements. Furthermore, we
will compare the observed ionization ratios, ¢;/q;, for different
combinations of ions with the predicted ones of the grid of models
of Pauldrach (1987), Pauldrach et al. (1989) and those of Drew
(1989). For a few stars we will compare the observed and
predicted variation of Mg (mass loss times ionization fraction)
with distance in the wind. This may lead to constraints on the
origin of the discrepancies betwesn observed and predicted
ionization fractions.

2. The ionization in the winds derived from the UV lines
2.1. The method

Paper I of this series was devoted to the analyses of the P Cygni
profiles of 26 O and one early B star observed in the UV by the
TUE satellite. The lines studied are the resonance lines of C1v
(1548, 1550 A), N v (1238, 1242 A)'and Si 1v (1393, 1402 A) and
the subordinate lines of C 111 (1175 /3.) and N1v (1718 A). It was
shown that the adopted fits matched the observed line profiles
very well in most cases.

The program stars and their basic data are described in
Table 1. The compilation of these data is described in Paper II.
The adopted temperature scale and the bolometric corrections
are from Chlebowski & Garmany (1989) based on NLTE studies
of a number of O-stars. The absolute visual magnitudes are from
the compilation of Garmany (1987) which is predominantly based
on cluster membership. The masses are derived from T, and L
and the evolutionary tracks of Maeder & Meynet (1987). We
assumed that the stars are moving away from the main sequence,
rather than returning from the Red Supergaint Phase. The radii
are derived from L and T,,. The Newtonian gravity and the
escape velocity corrected for radiation pressure by electron
scattering are also given.

The significant improvement in the overall quality of the fits
compared to linefits made with the Sobolev approximation
(compare e.g. our fits (Paper I) with those of Olson & Castor
1981) is largely due to the fact that we used the SEI method
(Lamers et al. 1987) which accounts for the presence of a turbulent
velocity in the wind. In this method the source function is
calculated using the Sobolev approximation with escape prob-
abilities, but the transfer equation is solved exactly. Lamers et al.
(1987) have shown that the SEI method, which is based on a
suggestion by Hamann (1981), is almost as accurate as the more
physical correct Comoving Frame Method (CMF) but it is much
more efficient, so it can be used to fit line profiles almost
interactively.

In Paper I we derived the following relation between the mass
loss and ionization fraction and the derived fit parameters:

Mg,(W)E;(w)=1.189 10718 R, v2 (f Ag,) ™' {t(w)x*wdw/dx},
(0]

with M in Mg yr™%, R, in Ry, v, in kms™* and A, in A. E;
represents the excitation fraction of the lower level of the ob-
served transition, f the oscillator strength, A, the abundance by
number relative to H, for which we used the values of Palme et al.
(1982), x is the normalised radial coordinate x=r/R,,, w is the
normalised velocity w=uv/v, and 7 represents the radial optical
depth law for which we assumed

T/ w\* w \1/A\2
()= 7(%) (“(wf) ) MoSWSW @

0 wi<w<l.

The total optical depth 7 is related to the total column density N;
of the absorbing ion.

1
T=J 7(w)dw=(ne?/mc) fi, N, 3)

Wo

I is a normalization constant
I=J (w/wy ) {1 —(w/w,) B} dw. (4)

The parameter w, represents the maximum velocity to which the
ion was observed. This particular choice of 7(w) was justified in
Paper I. We adopted a velocity law of the type

w(x)=w,+(1—w) (1-1/x) &)

with w,=0.01 and with § and v, as free parameters. The values of
the optical depth parameters 7, «,, a, and of the velocity law
Vg, B and of v,,,, were derived from the line fitting (Paper I). The
values of v, B and v,,,, are listed in Table 1.

2.2. The variation of ionization and excitation through the wind

From the parameters described above the values of Mq;(w)E;(w)
can be derived for each ion and each star. In Figs. 1 and 2 we
plotted for a number of stars the value of Mq;(w)E;(w) for the
resonance line of C 1v, N v and Si 1v which have E;(w)~1, and for
the excited lines of C 111" and N 1V’ (the prime indicates excited
lines). In Table 2 we collected for all our sample stars the values of
Mg, E; at w=0.5, together with their errors. For saturated lines
only — 3¢ lower limits are given. Although we did not plot error
bars in Figs. 1 and 2 for clarity purposes, it should be noted that
the errors in the values of Mg, E are larger at small (w<0.2) and
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normalised velocity W

large velocities (w>0.9). In most cases the error in Mg, E; reaches
a minimum in the range w=0.40—0.60, where the typical error is
0.2 dex. For both w~0.1 and w~0.9 we find a typical error of
0.37 dex. It was argued in Paper I that in the case of a saturated

normalised velocity W

line an upperlimit of roughly 20 times the lower limit can be
imposed on the value of the integrated optical depth 7, and
therefore on MgE, because, given the uncertainty in the other
parameters, no acceptable fit could be found for too large values
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Fig. 2. Same as Fig. 1 but for supergiants of type 09.5 and later

of T. This factor of 20 (1.3 dex) corresponds to the length of the
arrows indicating the upperlimits in Figs. 1 and 2.

Figure 1 shows the variation of Mq,(w)E;(w) with w for a
sample of representative supergiants and main sequence stars of
types O3 to O8. The cooler supergiants are shown in Fig. 2. For
the stars not shown in this figure, the values of Mg;(w)E,(w) can
easily be derived from the values of the line-fit parameters given in
Paper I (Table 4). The following conclusions can be drawn from
these figures. a) The values of Mg, for C 1v, N v and Si 1v derived
from their resonance lines are remarkably constant throughout
the range of 0.2 <w<0.9. (The decrease or increase at w<0.2 or
w>0.9is possibly due to the larger uncertainty mentioned above).
This implies that the degrees of ionization of these ions hardly

433

vary with distance in the wind between 1.1 and about 7R,.
b) The value of Mq;,E; of N 1V’ decreases with velocity for almost
all stars of types O6.5 and earlier. This decrease is stronger at
types O6-06.5 than at earlier types. Stars of types later than 06.5
do not show the excited lines of N 1V’ in the wind. c) The excited
lines of C 111" are absent in the winds of all main sequence O-stars
and in the winds of supergiants of types OS5 and earlier, with the
exception { Pup (not shown in Fig. 1). In those supergiants which
show C 11T’ lines, the values of Mg;E; are approximately constant
in stars of types O8 and earlier, whereas they show a parabolic
behaviour with a maximum near w~0.5 for the later types. For
HD 30614 the value of Mq;E; increases with w.

2.3. The empirical ionization ratios

Because an independent determination of M (i.e not based on the
UYV lines) does not exist for most of our stars, we compare the
observed ionization ratios ¢;E,/q,E;, which are independent of M,
with the predicted ones, for different combinations of ions. These
ratios at a velocity w=0.5 are shown in Fig. 3 as a function of T
The following ratios are plotted: N v/C 1v, Si1v/C1v, N v/Si1v,
as well as Cur/Civ and N 1v//N v. The first three ratios were
chosen because they are not affected by the uncertain excitation
fraction and provide information about a super ion (N v) and a
trace species (Si Iv), the last two provide information about the
relative ionization fraction for carbon and nitrogen.

There are two reasons for choosing T, as an independent
parameter for the ionization ratios. Firstly, the observations show
that the ratios are mainly dependent on T, with a scatter that is
probably due to differences in wind densities. Secondly, the
predictions by Pauldrach et al. (1989) and Drew (1989), discussed
below, show that the ionization ratios are strongly dependent on
T and that the dependence on logg and R, is in most cases
smaller than that of T. The reason why a strong dependence on
the ionization ratios on T, can be expected is based on the
arguments presented in Appendix A.

Our justification of the choice of T, as an independent
variable is confirmed by Fig. 4, where we plotted the ionization
fractions of the models of Drew (1989) and Pauldrach et al. (1989)
as function of T,¢;. We see that the ionization fractions are indeed
smooth functions of T, and that the dependence of log g and R
is in most cases small, the only exception being the carbon
ionization balance at T, ~30000 K.

We conclude that the ionization balance in the wind is
expected to depend on T, R and log g, but that T, is the
dominant factor. Part of the scatter which we find in the relation
between ionization and T, is probably due to differences in wind
densities. These can be taken into account in a detailed analysis of
each star individually. Such an analysis is beyond the scope of this
paper.

The empircial ionization ratios are plotted versus T, in
Fig. 3.

In Fig. 3 we have highlighted by means of filled symbols or
thick crosses those ratios which are not merely upper or lower
limits. The dashed lines indicate mean linear relations between
log T, and log(q;/q;) or log(g; E;/q;). These relations are defined
by the measured values of the ionization ratios, in such a way that
they are consistent with the upper or lower limits, in most cases.
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Table 2. The products Mg; and Mg,E; at v=0.5v_,

Star log Mg, log My, log Mg; log Mg,E; log Mg,E,
HD Civ Nv Sitv Cur® N1V
14947 > —8.33 — ~7.32+0.23 — < —9.67
15558 > —7.36 — <—-9.08 — —9.05+0.17
15629 > —8.96 —7.414+040 <—-940 — —9.31+0.18
24912 > —7.90 —6.90+041 — —9.264+0.12 —9.49+0.12
30614 > —8.29 —7.62+0.18 >—7.16 > —9.02 <-974
36861 —7.30+0.19 —8.12+0.15 <—-954 —9.64+0.15 < —9.76
37043 —8.46+0.21 —8.13+0.12 <—-9.38 —9.88+0.14 < —9.60
37128 —7.714+0.29 —8.52+0.14 —7.344+0.21 —8.29+0.30 <-=9.75
37742 —7.394+0.23 —8.03+0.15 —7.07+0.22 —8.04+0.13 < —9.57
46150 —9.13+0.13 —7.99+0.13 <—-940 — —10.16+0.12
46223 > —8.63 > —7.52 <—948 — —9.46+0.17
47839 —9.37+0.14 —8.71+0.16 <-97 < —10.52 <-9.92
66811 > —8.38 > —7.66 —8.56+0.10 —9.31+0.12 —8.40+0.13
93129A > —8.93 >—17.14 <-9.15 — —8.50+0.12
93204 > —8.69 —6.79+0.31 < —9.53 — <-=974
93250 —8.774+0.19 —7.84+0.17 <-9.19 — —-9.03+0.12
101190 —8.86+0.14 —7.77+0.18 <-9.99 < —10.81 —9.34+0.13
101413 —8.794+0.25 —8.39+0.18 <-937 — < —9.59
101436 —8.42+0.22 —7.5440.19 <—-9.40 — —9.69+0.17
149038 > —795 —8.49+0.21 —8.47+0.16 —9.07+0.16 <-9.75
151804 > —8.25 > —6.83 >-1710 —8.76+0.27 < —9.67
163758 > —8.93 > —6.84 > —7.62 —8.55+0.20 —8.64+0.24
164794 —7.87+0.13 —7.20+0.19 < =927 < —10.16 —-9.30+0.13
188001 > —8.11 >—7.29 > —6.92 —8.77+0.12 < —9.69
190429A —8.42+0.16 —7.14+0.30 —8.57+0.28 — —8.60+0.29
190864 > —8.35 —7.54+0.23 < —946 — —9.84+0.21
210839 > —8.49 > —7.90 —8.18+0.13 —9.08+0.23 —8.58+0.20

* All upperlimits were derived using Eq. 1 with T<0.1, a; =a,=0 and w; =1
® In many cases the spectrum below 1200 A was so noisy that the presence of this line could neither be confirmed nor denied.

These cases are indicated by a dash

The relations are
log {7 (N V)/q(C 1V)} ~ — 0.5+ 10.6 log (T /3.10%)
for 4.45<log T, <4.62

~1.0 for log T,;;>4.62 (6a)

log {g(Si1v)/g(C 1v)} ~0.3—2.9 log (T /3.10*) for class I
<0.5 for class III, V
(6b)
log {G(N v)/G(Si1v)} ~ — 0.7+ 14.0 log (T.g/3.10%) for class I
>0.7 for class 111, V (6¢)

log {gE(C 11')/g(C 1v)} ~ — 0.8 — 16.0 log (T,;/3.10%)
for 4.45<log T.;;<4.55
<—1.0 forlogT.>4.55 (6d)

log {GE(N IV')/g(N V)} ~ —4.0+17.3 log (T.5;/3.10%)
for 4.57<log T.;; <4.68

<0.5 for log T <4.57. (6e)

We stress that these are “mean relations” for our limited
sample of stars. These relations describe the general trends of the
ionization ratios with T¢. They will be used for comparison with
predicted trends. For a detailed comparison between the empiri-
cal and predicted ratios on a star to star basis, the ionization
ratios can be derived from the data in Table 5 at v=0.5 v, or at
other velocities from the linefits presented in Paper 1.

Except for the ratios Si 1v/C 1v and N v/Si Iv, these relations
have not been differentiated with respect to luminosity class,
because there is no clear difference between the various lumi-
nosity classes in Fig. 3. The Si1v/C 1v and N v/Si IV ratios given
by Egs. 6b and 6¢ are defined by three or four supergiants only.
For class III and V stars we found only upper and lower limits to
these ratios.

The upper and lower limits described in Eq. 6 are conservative
limits: they reflect the maximum of the upper limits and the
minimum of the lower limits. Stricter limits on the ionization
ratios can be imposed by considering the area in the §;/q; versus
log T diagram (Fig. 3) covered by most of the upper and lower
limits. These areas are indicated in Fig. 3 by their boundaries.
Only for the Si 1v/C 1v ratio did we differentiate the boundaries to
luminosity class. This was done because the observations indicate
a strong dependence of the SiIV lines of luminosity (Sect. 3).
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These ionization ratios will be compared with predictions in
Sect. 3.4 and 3.5.

2.4. Observed ionization fractions derived from the UV lines
and from M based on Radio observations

In this section we will derive absolute ionization fractions for the
few stars for which radio mass loss determinations exist.

Mass loss observations based on radio observations have the
advantage that they are model independent. Other methods
depend strongly on the velocity structure at the base of the wind
(IR and Ha determinations) or on the ionization structure (UV).
Bieging et al. (1989) recently published a survey of radio emission
at 2, 6 and 20 cm from galactic OB stars. About half of the stars
detected are non-thermal emitters. One of our sample stars (9 Sgr)
has been shown to be definite non-thermal emitter (Abbott et al.
1984). Six stars of our sample stars have measured radio fluxes
and eight have upper limits. In Table 3 we have collected the
observed radio fluxes (Abbott et al. 1980, 1981; Abbott 1985;
Bieging et al. 1989), the distance (Garmany 1987; Bieging et al.
1989) and T and v,, (Paper I), for our sample stars for which
these fluxes are measured. With these values we calculated the
mass loss according to:

. u D N2 /SN*( v 12 .
M=0095——|—] (= = T Moyr”
Zy'2 (kp0> (Jy> (kmS“> @ oY

(™)

(Wright & Barlow 1975). Z represents the root mean square ionic
charge, u the mean molecular weight per ion and y the
mean number of electrons per ion. For these we used the values
Z=1.00, u=1.32 and y=1.00 respectively. These data refer to a
Pop I gas in which H is fully and He is singly ionised. The gaunt
factor g is evaluated using the expression given by Allen (1973)

g=+/3/n{17224In(T,Z)}, ®)

which we evaluated at 7,=0.5 T, (Drew 1989). The values of g
would be about a factor 1.1 larger, and the values of M a factor
0.96 smaller if we had adopted a wind temperature of 7, =0.8 T.
The mass loss rates are given in Table 3. Only six stars in our
sample (HD 37742={ Ori, HD 37128 =¢ Ori, HD 66811 ={ Pup,
HD 30614=o Cam, HD 151804 and HD 15588) have reliable
radio mass loss rates. Using these rates we calculated gE at
w=0.5. If a star would be a nonthermal emitter the derived mass
loss rate would be an upperlimit and therefore the resulting value
of gE would be a lower limit.

At present, the values of g;E; can be compared with predic-
tions for only one star, { Pup. Pauldrach (1987) calculated the
ionization and excitation fractions at different distances in the
wind using a Non-LTE model for the photosphere and for
the wind. Our results of g(C1v), q(NV) and gE(C1ur') are
compared at w=0.5 and 0.9 with the predictions of Pauldrach’s
model 3, which has a slowly falling electron temperature in the
wind, in Table 4. We see that at w=0.5 the predicted values of
q(C1v) and g(N V) agree with our lower limits. The predicted
value of log ¢(C 111)= — 6.2 disagrees strongly with our empirical
value of log gE(C 111')= —3.9. Since the excitation fraction E is
less than one, we find log g(C 111) > —3.9. This lower limit is a
factor ~200 higher than the prediction. This may be partly due to
the fact that Pauldrach neglected dielectronic recombination,
which is expected to be important for the C 111/C 1v ratio in the
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factor 10° between the two sets of models. The reason is explained in Sects. 3.1 and 3.2

wind of { Pup. At w=0.9 the discrepancy for C 111 is much less.
This depends on the value of E we used. If we had assumed E =0.1
instead of E < 1, there still would be a considerable difference. The
predicted value of g(C1v) agrees with our lower limit. In
Pauldrach’s model, however, N v has recombined to N 1v in the

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System

outer part of the wind, and the predicted value does not agree
with our lower limit. This might be due to the neglect of X-rays in
Pauldrach’s model. Pauldrach (1987) has estimated that the
Auger effect can be important, especially in the outer part of the

wind.
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Table 3. Mass loss determinations from radio observations

logqE(w=1/2)®

Ma

Ref.

Thermal

Ref.

S(2cm)
(mly)

S(6cm)
(mly)

Tef f

D

Star

Ni1v

Ccur

Si1v

Nv

Civ

(10"5 Mg yr~Y)

emitter

(K)

(kms™?)

(Kpe)

HD

>—-28

>—3.8
> —30
> -39
>—1.5

<294

4
4

not classifiable

prob. not

1

40300 <05

2300+ 70

2.29
2.

14947
15558
30614
36861
37128

33504200

1550+ 60

39.6+8.7

52+1.1
<1.53

49+1.5

30900  0.35+0.07

42300 0.5+0.1

18

>—-238 >—46
>—38

—3240.2

>—-23

probable

36000 <0.19

2400 + 150

1.10

0.50
0.5

1500+ 150
2100+ 150

3
3

Probable
probable

1
1

28000

—3.0+0.3
—25+0.2

—2.0+0.2
—1.6+0.2

—3240.2
—2540.2

>-—32
>—-26
>-33
>-—24
>—30
>—18
>-—-27
>—26

—24+403
—19+03

>—43
>—-37
>—-39
>-31
>-—25

3.0+0.8
<14.6
<10.8
<3.6

1.6+0.5

30500 0.7+0.2

37742 044

46150
46223
47839
66811
149038
151804

>—-53

2900+200 - 44300 <0.34

1.50
1.50
0.69
0.45
0.

2800+ 60

4.5

> —

46500 <0.24

2300+ 200

<0.33
1.3+

40100
42400
30500

2200+ 60

—-32402

—41+40.1

>—-36

—3.340.1
>—-30
> =21

5.6+0.6
<34

4 yes

3.0+02

0.1

<0.24

34000 0.4+0.1

1750+ 100

92

—3.840.3

33
>—40
>—32

11.0+2.3 >—

4

4

0.4+0.1

1600+ 70

1.90

probable

>—42
>—33

>—4.1
>-29

<354
<4.7

42400 <O0.5

2300+ 70

190429A 2.6
210839

>—38

<04

38200

2100+ 60

0.8

References: 1 Abbott et al. 1980; 2 Abbott et al. 1981, 3 Abbott 1985; 4 Bieging et al., 1989

2 In calculating the error in M we took into account the error in S, v, and a 10% error in D

® For { Pup and HD 151804 we used the mean value for M, derived from the data at 6 and 2 cm
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3. Comparison of observed and predicted ionization

3.1. Drew’s models

Drew (1989) has calculated a number of ionization and thermal
models for the winds of O-stars of luminosity class I, III and V.
The input paramters such as Ty, R, M and v, for the grid of wind
models calculated by Drew are taken from Barlow (1986) with
v, =30, They are collected in Table 5. She adopted a slow
velocity law with =1, which is higher than the value of §~0.7
appropriate for our stars (Paper I). She included the elements H,
He, C, N, O, Ne, Mg, Si, S and Fe with the abundances given by
Allen (1973), except for He for which she adopted Ay, =0.1. Most
metals were represented by their ground state only except C 11,
Civ, NuL, N1v, O 11, O 1v and Si1v for which one (sometimes
three) excited states were included.

The photoionization .and excitation were calculated by
assuming a mean intensity given by Eq. (A.2). The contribution by
the diffuse field radiation, ie. B,(7,) in Eq. A.2, was approxi-
mated by J,=B,(T,)/b,(He*), where b,(He") represents the
ground state departure coefficient of He*. This approximation is
only valid in the wavelength region where He™ is the dominant
source of opacity, that is between the absorption edge of He* at
544 ¢V and that of O1v at 77eV. For higher energies this
approximation of J, is only an upper limit. Drew claims that this
is not important because she finds that photoionization by the
diffuse radiation of species with thresholds larger than 77 eV is
negligible.

The wind models calculated by Drew show that the electron
temperature in the winds of O-stars is typically 0.5 to 0.6 T at
v=0.5v,. This is considerably lower than the values of
T,~09 T derived by Klein & Castor (1978) and adopted in
many studies of the ionization in winds e.g. Olson & Castor
(1981), Cassinelli & Olson (1979), Pauldrach (1987). Drew finds
that the inclusion of heavy elements in the calculation of the
thermal balance of the wind lowers the temperature substantially,
because of the cooling due to radiative losses. This effect had
already been noted by Krolik & Raymond (1985).

The value of T,~0.5 to 0.6 T, in the wind is nearly indepen-
dent of the input parameters: a change in the mass loss of a factor
5 changes T, by at most 20%, a change of § from 1, the value
adopted by Drew, to 0.7, the value found by us from UV line
fitting (see Paper I), reduces T, only in the inner part of the wind
(r<1.3 R,) by about 5%.

For the contribution by the stellar radiation field to J, Drew
used the NLTE model fluxes of Mihalas (1972). For a few models
she also calculated the ionization by adopting the fluxes from
Kurucz (1979) LTE model atmospheres. This has little impact on
T, (4% cooler) but the degree of ionization changes drastically.
Because of the relative deficiency of far UV flux in the Kurucz
models, C v, N v and O v vanish in the wind, while trace species
of the lower ionization stages like C 111, N 111, O 111 and Si 1v are
increased ten to hundredfold when LTE instead of the Non LTE
model fluxes are used.

The stellar parameters for which Drew calculated the ioniz-
ation in the winds are listed in Table 5. For these models
she calculated the ionization balance of H, He, C, N, O, Ne, Mg,
Si, S and Fe. She adopted a velocity law of =1 for all
models. However, for C 1v, N v and Si IV she also tabulated the
values of g(w) for other values of B. The predicted ioniz-
ation will be compared with the observations in Sects. 3.3 and
34.
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Table 4. Comparison of observed and predicted ionization balance for { Pup at w=0.5 and 0.9

w=0.5 w=09

loggc logqcy logyy logqgc

loggc,y  logayy

Observed > -39 >-—3.1 >—-24 >—41

>-—-24 >—-19

Predicted® —6.2 -19 —0.1 —40 -03 -23
2 Pauldrach’s (1987) model 3
Table 5. Input parameters for Drew’s and Munich models
Tt logg logL/Lo R/Ro M U p M/v,Riocp,
(107°*Mgoyr™") (kms™?) (1072 Mg yr™ 1y
(R kms™ 1)
Drew’s models*®
30000 3.0 5.48 20 0.48 1800 1 0.67
30000° 35 5.08 13 0.10 2900 1 0.20
30000° 35 4.73 8.5 0.026 3200 1 0.11
32500 33 5.61 20 0.83 1800 1 1.15
32500 3.8 523 13 0.18 2980 1 0.37
32500° 3.8 4.88 8.5 0.045 3200 1 0.19
35000 33 5.80 22 1.8 1800 1 2.07
35000 40 5.36 13 0.30 2900 1 0.61
35000 4.0 5.00 8.5 0.075 3200 1 0.32
37500 35 597 23 35 2300 1 2.88
37500 4.0 5.57 14 0.70 2900 1 1.23
37500 4.0 5.26 10 0.20 3200 1 0.63
40000 35 6.08 23 55 2300 1 4.53
40000 40 5.68 14 1.1 2900 1 1.94
40000 4.0 5.36 10 0.32 3200 1 1.00
45000 4.0 6.11 19 6.0 2900 1 5.73
45000 4.0 5.69 11 1.1 3200 1 2.84
50000 4.0 6.30 19 12 2400 1 13.8
50000 4.0 5.88 11 23 3000 1 6.34
55000 4.0 6.04 11 45 2500 1 14.9
Munich models
32170 32 593 30 1.00 3150 0.90 0.35
34080 314 6.20 36.0 6.11 1951 0.83 242
35500 3.40 591 239 1.63 2724 0.85 1.05
35809 3.15 6.41 420 15.2 1401 0.86 6.15
38460 34 6.36 34.0 7.86 2584 0.79 2.63
39630 3.63 5.88 18.9 1.80 2826 0.80 1.78
40830 3.92 5.49 38 0.512 3630 0.81 0.10
42660 3.6 6.34 274 8.55 2929 0.79 3.89
45710 3.98 5.83 129 145 4560 0.79 1.91
51280 4.0 6.30 18.0 6.53 4490 0.81 4.49

2 At each temperature Drew calculated three models representing luminosity class I, ITI, V. At 45000 and
50000 K the models represent LC I and V, the 55000 K model represents a LC V star
® Model atmosphere fluxes used in these cases were calculated for a Hydrogen and Helium composition

only

3.2. The Munich models

In this section we will describe the models kindly provided to us
when the second author was a guest in Munich. These models
were used by the Munich group to study the evolution of massive
stars (Pauldrach et al. 1989). The physics of these models is

described by Pauldrach (1987) and Pauldrach (1990). We will
refer to these as the Munich-models. These models are isothermal
with T,=T.

For the caluclation of the photospheric radiation the LTE
model atmospheres of Kurucz (1979) were used. The multilevel
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Table 6. Comparison between the parameters of selected stars and the best-fitting model used for a detailed comparison of Mq(w)

Star/model logg T(K) R/Ry logL/Ly M/Mg v (kms ) v, (kms™!) MMgyrt)
HD 14947 OSIf* 37 40300 174 5.85 55 890 2300

MC2 3.63 39600 18.5 5.88 54 836 2825 1.8010°°
MC5 3.36 38300 22.7 6.00 43 535 2120 42010°¢
HD 46150 O5V((f)) 40 44300 123 572 52 1090 2900

MC1 3.98 45700 129 5.83 58 1093 4560 1451076
HD 101436 06.5V 39 41200 12.3 5.60 44 1010 2800

M D1 392 40830 11.2 5.49 38 1009 3630 5121077
HD 149038 09.71ab 3.21 30500 25 5.70 38 610 1750

Drew O91 33 32500 20 5.61 30 600 1800 831077
HD 37742 09.71b 32 30500 26 574 41 620 2100

MC4 32 32200 30 5.93 51 609 3150 1.00 1076

statistical equilibrium equations are solved for 26 elements from
H to Zn, including 133 ionization stages, 4000 levels and about
10000 line-transitions. The continuum optical depth is represen-
ted by the photo-ionization from the ground levels of H, He, C, N,
0, Ne, Mg, Si and S, by the free-free opacity of H and He and by
electron scattering. Dielectronic recombination is considered for
C 1t and N 111 only. The fact that dielectronic recombination is
not included for many more ions may lead to significant errors in
the ionization balance because the dielectronic recombination
rates can be larger than the direct raidiative recombination rates
(Aldrovandi & Pequignot 1973; Nussbaumer & Storey 1983).

Pauldrach (1987) finds that the inclusion of the excited levels
in the calculation of the ionization balance in the winds is
important. The low lying levels are collisionally excited and
subsequently photoionized, resulting in a shift to higher ioniza-
tion stages. For example, in the case of { Pup, O v is found to be
the dominant ion, while O vI is formed by photo-ionization from
excited O v levels. Pauldrach therefore concludes that Auger-
ionization cannot be important in producing O VI, because
Auger-ionization of the dominant O v ion would produce O viI
instead of O V1. This conclusion is contrary to the one by Drew
(1989) who found that Auger-ionization is necessary for the
explanation of the observed fraction of O V1. The reason for this
discrepancy is the fact that Drew’s calculations show that T, is
much lower than the value of T,= T, adopted by Pauldrach. At
lower electron temperatures, typically 7,~0.5 T, the collisional
excitation is far less important than in Pauldrach’s model and
hence O VI cannot be formed by ionization from collisionally
excited Ov. Drew finds that O1v is the dominant stage of
ionization, rather than O v. Therefore she concludes that Auger-
ionization is needed to explain the superionization of O VI.

In Table 5 we have gathered the relevant data of the models
provided by the Munich group. The value of § was calculated by
us, fitting Eq. (5) to the velocity structure in the vicinity of w=0.5.

3.3. Comparison between predicted
and observed values of Mq(w)

In this section we compare the observed variation of the ioniza-
tion balance with distance in the entire wind for several stars with
the predicted values.

For this purpose we selected five representative program stars
with well-determined values of Mq(w). For each star we selected a
model with approximately the same values of T and log g, and
also similar values of L and R,. The best-fitting models were
chosen from the ten Munich models and the one model (7
=32500, log g =3.3) for which Drew (1989) gives the full radial
dependence of the ionization. The five stars and their best-fitting
models are listed in Table 6. Notice that the observed values of v,
are considerably smaller than the predicted values. This was
discussed in Paper II.

The predicted ionization fractions, and the predicted mass
loss rates were used to compare the predicted values of Mq with
the observed ones. We only did this for the resonance transitions
C1v, Nv, Si1v for which the excitation fraction E~1. Because
the observed and theoretical terminal velocities differ we conver-
ted the radial coordinate to a velocity using Eq. (5) with the value
of B of the observed star. The theoretical values and the observed
values of Mq for C 1v, N v and Si 1v as function of the normalised
velocity w for the 5 stars are depicted in Fig. 5.

An inspection of this figure shows that the agreement between
observation and theory is rather poor: in each of the five stars the
predicted and observed values of Mg differ by as much as a factor
10% or 103. We discuss these stars.

HD 14947 (OS5If*): The observed Si IV fraction is about 103
times higher than predicted. The lower limit to the observed C 1v
is in agreement with the predicted value.

HD 46150 (O5V((f))) and HD 101436 (06.5V): The observed
values of Mq(N V) are a factor 102 lower than predicted. The
predicted and observed values of C Iv agree within a factor three.
The ionization fraction of C 1v is about 5 10~ 4 for HD 46150 and
71073 for HD 101436. The observed upperlimit for Si IV agrees
with the predicted value.

HD 149038 (09.71ab): The predictions for this star are from
Drew (1989). The observed values of N v and Si 1v are a factor 10
to 10? higher than predicted at w=0.5. The lower limit of C 1V is
in agreement with the observed value. The predictions indicate
that C 1v is expected to be the dominant stage of ionization.

HD 37742 (09.71b): The predicted value for C 1v is a factor 50
higher than observed. The predicted value for Si1v is a factor 5
lower than observed at w=0.5. The observed value of NV is a
factor 200 larger than predicted at w=0.5. The predictions
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indicate that C 1v is the dominant stage of ionization, with g (C 1v)
larger than 0.95. '

We conclude that:

i) For class V stars the observed upperlimits of Si1v agree
with the theoretical predictions, but for classI stars the
observed values of Mq are larger than predicted. This under-
estimate of the predictions tends to increase from a factor 5 to 20
for 09.5 stars to a factor 10 for OS5 stars.

ii) For the cooler stars (type O9.5) the theoretical models
predict too much C1v by a factor of 50. However, this result is
based on one star only. For stars of type O5-O7 there is a
reasonable agreement between observed and predicted values of
M dc v

ili) The discrepancy between the observed and predicted value
of MqNV shows the most striking behaviour. The predictions
overestimate the N v abundance by a factor of 10 to 100 for stars of
type O5-O7, but underestimate it by the same factor for O9 stars.
This is the well known effect of superionization of N v which
indicates that models which do not include Auger-ionization by
X-rays fail to predict sufficient N v for the cooler stars.

We realize that these conclusions are based on a small number
of stars. We are also aware of the possibility that different models
with different ionization conditions can exist within the un-
certainty of the stellar parameters. To elaborate this we checked if
the stars in Table 6 could be compared to a second model with
stellar parameters within the observational range of uncertainty.
Only for HD 14947 could a second appropriate model be found:
model C5 of Pauldrach et al. (1989). The stellar parameters of
model C5 are listed in Table 6. The differences between the
observed and model parameters of Alogg=0.3, AT,=2000 K,
Alog(R/Rp)=0.12, Alog(L/Ly)=0.15 are typical of the un-
certainties in the observed quantities (see e.g. Paper I).

In Table 7 the observed values of Mq(w=0.4) for HD 14947
are compared to the values of models C2 and CS5. The table shows
that the differences between models C2 and C5 are large, but the
differences with the observed values remain. The predicted ioniza-
tion fractions of N v and Si 1v in model CS5 agree better with the
empirical fractions than model C2. However, the predicted C 1v
fraction does not agree with the observations.

Although part of the large differences between the observed
and predicted ionization fractions, as discussed above, may be
due to uncertainties in the stellar parameters, we do not believe
this to be the general case. The differences discussed above are
real and systematic as will be shown in the following section
where we will compare the observed ionization ratios with the
predicted ones for all our sample stars.

3.4. Comparison between predicted and empirical ionization ratios

The predicted and observed ionization ratios are compared with
one another in Fig. 6. The predictions at w=0.5 are indicated by
triangles (Munich) and crosses (Drew). The predicted ratios were
calculated from the data in Fig. 5. The observed ratios at w=0.5
are shown by full lines. The areas covered by the upper and lower
limits are indicated by hatched regions, in which arrows indicate
whether these refer to upper or to lower limits. We discuss the
different ratios separately.

i) N v/C 1v There is a huge discrepancy between the observa-
tions and the predictions. At log T < 4.6 this discrepancy is due
to both an underestimate of N v and an overestimate of C 1V (see

T T T T R
T 14947 051 f*
o 6 e i A N
=
~ _8 B 7
§’—1o - 4
_12 1 1 Il 1
-4 C T T T T ]
46150 05 ¥ ((f))
o 6 F y R A--m--- - A----- A
L R - — A A A
—_ = B pu )
OGO
g-10 .
_
-12
_4 - -
o 6 r 7
=
— -B B 7
D10 | - ki a .
- Xomeo s mmeen o mmmmmm oS X
_12 1 1 | 1
-4
o -6
=
_ -8
Z-10
_
-12
-4 - .
o ¢ ]
=
— 8 r il
2-10 | .
_
-12

0 0.2 0.4 0.6 0.8 1.0
normalised velocity W

Fig. 5. Comparison between observed and predicted values of Mg(w) in
the entire wind. The solid line represents the observed values, the dashed
lines the predictions of Drew or Pauldrach. We use the following symbols:
C1v (O), Nv (A), Si1v (x). Lowerlimits are indicated by an arrow of
length 1.3 dex. Notice the large differences up to a factor 10° between
theory and observations
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Table 7. The influence of the uncertainty in the stellar parameters on the value of

log Mq at w=0.4

Civ Nv Si1v

Star: HD 14947 —85<--:<-170 —-17.2° —-74
Models: M C2 =177 —-58 —10.3
M C5 —58 —6.8 —88

® This value is not derived from a detailed fit because the spectrum below 1240 A is
extremely noisy. This value was determined by comparing the emission part of the N v

doublet to other stars

Sect. 3.3). For log T > 4.6 the theoretical models predict a larger
ratio than observed. This is due to an overestimate of N v.

i) Si 1v/C 1v The observed ratio in the winds of supergiants is
about a factor 1000 larger than predicted. For 4.50<Slog
T <4.60 this is due to an underestimate of Si1v by a factor of 20
and an overestimate of C IV by a factor of 50; for log T;>4.60
this is due to an underestimate of Si1v by a factor of 1000 (see
Sect. 3.3). For the cdolest stars (log T¢; $4.50) Drew predicted a
strong dependence of the Si 1v/C 1v ratio on luminosity. Unfortu-
nately, however, the predictions for the class I stars give the
lowest values of Si 1v/C 1v. The observed upperlimits for class IIT
and V stars do not disagree with the predictions.

iii) N v/Si1v For the late O and BO supergiants the predic-
tions agree well with the observations. Because both the N v/C 1v
and SiIv/C1v ratio show the same behaviour, this agreement
shows that the predicted values of N v and SiIv are under-
estimated by about the same factor. This is confirmed by the
conclusions of Sect.3.3. For the hotter stars we expect the
N v/Si1v ratio to be higher than observed because of the over-
estimate of N v. This is confirmed in Fig. 6c.

iv) C 1m1/Si 1v The comparison between the observations and
theory is complicated by the fact that the observations refer to
qE(C 1r'), ie. the abundance of the excited level, whereas the
predictions refer to the ionization fraction ¢(C 111). Considering
the fact that the excitation factor E(C 1r') is less than one, we find
that the observed C 111/C 1v ratio for stars with log T, $4.55 is
higher than predicted by at least a factor 10'. This is due to an
overestimate of C 1v, and therefore an underestimate of C I11. At
log T, 2 4.55 the observed upperlimits do not disagree with the
predictions.

v) N 1v/N v The comparison between predictions and obser-
vations are complicated by the fact that the observations refer to
gE(N 1v') whereas the predictions refer to g(N 1v). The large
discrepancy between the high predicted values of N 1v/N v and
the much lower observed values of N 1v//N v are partly due to the
unknown excitation factor E(N 1v'). However, considering the
behaviour of N v described in Sect. 3.3, we believe that the large
predicted ratios are due to an underestimate of the ionization
fraction of N v, especially for the cooler stars with log T.; <4.55.
This implies that the excitation fraction is E(N1V')<1071, as-
suming that the underestimate of N v equals the overestimate of
N 1v and using the results of Sect. 3.3. For the hotter stars, using
the same argument together with the result of Fig. Se
that (N 1V)/g(N V)prep ~ 10gE (N 1V')/q(N V)ops We estimate that
ENNIV)~10"3-10"%

The discrepancy between the observations and Drew’s models
cannot be resolved by using the results for the more appropriate
value f=0.7 in the velocity law. For example this would raise the
N v/C1v ratio by at most 0.8 dex and the Si1v/C1v ratio by
0.2 dex, whereas the discrepancy is a factor 10 to 1000.

We conclude that the conclusions derived in Sect. 3.3 for a few
stars only, are strengthened by considering all our sample stars.

4. Discussion and conclusions

In this paper we have studied the general trends of the ionization
fractions and ionization ratios in the winds of O-stars. The
ionization was derived from the linefitting of the UV lines of 26 O-
stars and 1 B-star by means of the SEI-method (Paper I). The
empirical trends are compared with predicted trends to test the
accuracy of stellar wind models.

The empirical ionization of the observed ions is expressed in
terms of the product MgE, where M is the mass loss rate and ¢
and E are the ionization and excitation fractions in the wind at a
distance where v=0.5 v,,, or in terms of the ionization ratios g,/qg;
of different ions at v=0.5v,,. The empirical ionization ratios
seem to correlate with T, (Fig. 3) in the general trends. These
empirical trends are described by Eq. (6). The scatter in the trends
is probably due to differences in wind-density and/or mass loss
rates for stars of the same temperature. The trends describe the
sensitivity of the ionization to T, and can be compared with
predicted ionization in the winds of O-stars. For a detailed
comparison of empirical and predicted ionization on a star to star
basis, the ionization data in Table 5 should be used, or the results
of the linefits published in Paper I.

The ionization fractions in terms of MgE and the ionization
ratios ¢;/q; are compared with predictions of the stellar wind
models of Drew (1989) which include radiative cooling by metal
lines, and those by Pauldrach (1987) and Pauldrach et al. (1989)
which include a full Non-LTE treatment of 133 ions. Drew’s
models are significantly cooler (7,~0.6 T,;;) than the value of
T,= T adopted by the Munich group. In Drew’s models the
energy balance is calculated accurately, but the population of the
excited levels is not calculated accurately. On the other hand the
Munich models treat excited levels consistently but the wind is
assumed to be isothermal at T,= T,;. Both models neglect the
possibility of photoionization from X-rays created in shocks in
the wind.
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Fig. 6. Comparison between predicted and observed ionization ratios at
w=0.5. Predicted ratios following Drew’s (+) or Munich models (A). The
observed ratios are indicated by full lines and the upper or lower limits are
indicated by the hatched areas. Notice the large differences up to factors
103 between theory and observations

Both sets of models fail to explain the observations drastically
(Figs. 5 and 6). Especially the N v/C1v and Si1v/C1v ratios
indicate the failure of the theoretical predictions to fit the
observations. For the early O-stars with 7,,>40000 K the
predicted N v/C 1v ratio is larger than observed by a factor 10! to
102. The results discussed in Sect. 3.4 indicate that this is due to an
overestimate of the predicted ionization fraction of N v in these
stars. For cooler stars with T.;; $40000 K the predicted N v/C 1v
ratio is much smaller than observed by a factor which decreases
from 1072 at log T,¢; ~4.55 to 10~ # at log T.;; ~4.50. This is due
to a severe underestimate of the predicted ionization of N v and
an overestimate of the predicted amount of C1v. For the O
supergiants with 7., <$40000 K the predicted Si 1v/C 1v ratio is
smaller than predicted by about a factor 107 3. This is due to an
underestimate of the amount of Si 1v and an overestimate of C 1v.

Part of the discrepancies shown in Fig. 5 between predicted
and empirical ionization ratios might be solved by selecting
models with slightly different stellar parameters. However, the
trends in Fig. 6 show that the discrepancies are large and
systematic, and that they cannot be solved by ad-hoc changes of
the model parameters.

The large discrepancies between the predicted and observed
ionization in the winds of O-stars reported in this paper might
seem to contradict the statement by Pauldrach et al. (1989) that
the predicted UV lines of O stars agree quantitatively with the
observed lines. However, a quick glance at the profiles predicted
by Pauldrach et al. shows that the agreement is only qualitatively,
and that large quantitative differences between the observed and
predicted profiles exist. Our empirical profiles obtained by de-
tailed line-fitting agree an order of magnitude better with the
observations than those predicted by Pauldrach et al. Therefore it
is not surprising that we find large differences between the
empirical and the predicted ionization.

The large discrepancies between theory and observations
indicate that the present theoretical wind models are not as good
as one might hope. Possible sources for the failure of the
theoretical ionization could be: the errors in the treatment of the
excited levels in Drew’s models; the possible error in the assumed
isothermal structure of 7,=T.; in the Munich models; the
neglect of Auger ionization by X-rays created by shocks in the
winds of O-stars.

A model to calculate the ionization balance in the wind
including a non-isothermal wind structure, photoionization from
excited levels and inner shell photoionization from X-rays is
being constructed by one of us (MG} in Utrecht.

Appendix A

Why do the ionization ratios mainly depend on T,
Neglecting for simplicity collisional ionization and photoioniz-
ation from excited levels the ionization equilibrium between two
successive stages of ionization is expressed as:

4
nofng. =ngal fh—: T,0,dv (A1)

where n, is the electron density, o is the recombination efficient,
and o, is the absorption coefficient for photoionization, and J, is
the mean intensity. The mean intensity J, can be approximated
by

J,=W-F*e %4+ B(T,) (A.2)
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where W is the geometrical dilution factor, F¥ is the photospheric
flux at the stellar surface and 6, is the optical depth of the wind
between the photosphere and the distance where the ionization is
calculated.

The first term in Eq. (A.2) is the contribution by the photo-
spheric radiation and the second term the locally generated
radiation. Let us first consider the case that the ionization edge of
an ionization species, z, lies in the optically thin part of the wind.
Then the first term in Eq.(A.2) dominates the second one.
Replacing the photospheric flux by a black body with temper-
ature T we get

n, /<8n WE3T 3 [ x?
=n, dx

Nyt y c?h? o€ —1
with xo=hvy/kT.; and v, the frequency corresponding to the
ionization potential. For typical ions of interest Av, is in the range
30-50 eV, while kT <4.3eV for T.<50000K, so x,= 10.
Neglecting therefore the —1 in the integrand and integrating by
parts we get

8nWk3T3; B
Mo /ny =m0 | ——5 5 (X3 +2x0+2)e

(A3)

T (A4)
neglecting the term 2x,+ 2 compared to x2 (accurate to 25%) we
finally get

nz/nz 17 (ne/W)e(hvo/kTerr )/ Teff
or

__ constant

lOg (nz/nz+ 1)~10gpw + —'IOg Teff (AS)

eff

where we defined p, =M/(v,,R?) which is proportional to n,
(compare this expression to the one derived by Pauldrach et al.
1989). We see that the ionization fraction depends on T and the
mean density p,,. However, p,, is also a strong function of T, as
we will show. It is well established that the mass loss rate is
primarily a function of luminosity (see e.g. Howarth & Prinja
1989), and that the terminal velocity is a strong function of the
escape velocity (see e.g. Paper II). Therefore we have

_ M

L' (R*T&y
Pw ~

0o R 0 R J2gRR?

29-5/2 ,—1/2 P4
~R2 72T TR,

(A6)

To investigate this further we calculated p,, for the models of
Drew (1989) and Pauldrach et al. (1989) which will be used to
compare observed and predicted variation fractions in Sect. 3.
The results are in the last column of Table 5.

Drew has used y=1.72 and v,/v,.=3.0 so we expect
Pu~RO4g™12TS88 to be a strong function of T . This is
indeed confirmed. For a given T the variation in g,, is less than a
factor S.

For the Munich models the situation is less obvious.
Pauldrach et al. (1989) report that the mass loss rates they derive,
show approximately the same luminosity dependence as found by
Howarth & Prinja (1989): y~1.6. Therefore we expect
P, ~R%7g~ 12T &4 This means that the temperature depend-
ence is again very pronounced. Furthermore, the ratio v, /v in
the models varies from 1.5 to 3.9. This means that the constant of
proportionality in Eq. (A.6) is not constant as in Drew’s case, but
varies by more than a factor 2.
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So if the wind is optically thin for the frequency edge of ion z,
then the ratio n,/n, , ; will be a strong function of T, and a much
weaker function of the stellar gravity. In the case that the wind is
optically thick at the ionization edge of ion z the situation
becomes more complicated. The diffuse radiation field will play a
role [the second term in Eq. (A.2)] as well as photoionization
from excited levels. In that case, the ionization fractions will be a
function of T, and density. However, we have shown above that
the density is expected to be a strong function of T,. So the
ionization fraction will depend mainly on T,.
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