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ABSTRACT 
The anomalously strong O vi and N v lines in O stars and the C iv lines in B supergiants 

may be due to Auger ionization by X-rays from a thin coronal zone at the base of the cool stellar 
winds. We determine the size of a corona that is necessary to produce the overall ionization condi- 
tions in £ Pup as has been deduced by Olson from line profile analyses. In the ionization balance 
calculations we account for the diffuse radiation field in the wind and for the large optical depths 
in the He n continuum due to radiative and Auger ionization edges of abundant elements. The 
X-ray flux transmitted through the wind is calculated and compared with upper limits derived for 
£ Pup observations from ANS and Uhuru satellites. It is found that a coronal zone with a tempera- 
ture of 5 x 106 K and a volume emission measure of 1058 cm"3 can produce the required ioniza- 
tion in a wind having a temperature of 30,000-35,000 K. The emergent X-ray flux bears little 
resemblance to the coronal emissivity because of the opacity of the wind. The X-ray flux nearly 
reaches the upper limits derived from the ANS observations and, at several energy bands, should 
be detectable by the HE AO B satellite. A simplified analysis of the Auger ionization process is 
developed and applied to other Of and OB supergiants. We find that the model can explain the 
presence of C iv and Si iv in supergiants with effective temperatures as low as 12,000 K and can 
explain the appearance of O vi and N v lines in early type supergiants as late as B0.5 and B2, 
respectively. 
Subject headings: stars: coronae — stars: early-type — stars: supergiants — stars: winds 

I. INTRODUCTION 

Copernicus satellite spectra show strong lines with 
P Cygni profiles from resonance lines of O vi and N v 
in all O stars and Si iv in B supergiants (Snow and 
Morton 1976). Skylab observations (Parsons et al 
1978) have shown that C iv appears strongly in super- 
giants with effective temperature as low as 15,000 K. 
These high stages of ionization were not expected to 
persist over such wide ranges of spectral types if the 
winds are in radiative equilibrium. 

A possible explanation of the high stages of ioniza- 
tion in O and B stars has been offered by Lamers and 
Morton (1976), Lamers and Snow (1977), and Lamers 
and Rogerson (1978). They suggest that the wide 
range of ionization can be explained if the electron 
temperature in the stellar winds is of order 105 K. 
Lamers and Morton (1976) analyzed the P Cygni 
profiles of £ Pup and deduced that the 0+5 and N+4 

ions exist over a spatially extended region (many 
stellar radii) and concluded that the chromospheric 
temperatures also exist throughout this region. To 
contrast these with the models that have hot coronal 
zones (T > 106), we refer to the extended 105 K 
models as “warm wind models.” 

The existence of temperatures near 105 K in the 

winds has been questioned, however. Cassinelli, 
Olson, and Stalio (1978) argued in favor of cool winds 
on the basis of their theoretical fits to the Ha profiles 
in £ Ori (09.7 la) and £ Pup. In particular, they found 
that a mass loss rate exceeding the single scattering 
limit, ^max = LjVooC, would be required if the tem- 
perature is 2 x 105 K. On the other hand, models 
having wind temperatures appropriate for radiative 
equilibrium, 0.6-0.97^, lead to fits of the Ha profile 
with mass loss rates below the limit. 

If the wind is at the “cool” radiative equilibrium 
temperatures of 3 to 4 x 104 K for £ Pup, a different 
explanation must be found for the production of the 
observed 0+5 ions. Photoionization by radiation 
shortward of 100 Â is a possible cause, but only if it 
is significantly larger than that expected to arise from 
the photosphere at these wavelengths. A hot coro- 
nal zone could provide the necessary flux of hard 
radiation. 

Coronal zones at the base of the winds of early type 
stars were suggested by Hearn (1975). He analyzed 
the emission and absorption equivalent widths of the 
Ha profile in £ Ori and deduced that there is a coronal 
region extending to 2 stellar radii, caused presumably 
by the deposition of mechanical flux as in the solar 
corona. In contrast to the solar case, there should be a 
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rapid drop in temperature above the energy deposition 
region because the densities are so large (~ 1010 cm-3) 
that radiative recombination is effective in cooling the 
gas. 

However, Hearn did not address the problem of 
explaining the anomalous ionization by using hard 
radiation from the coronal zone. Natta et al. (1975) 
noted a serious problem with such an explanation. 
They found that the wind of £ Pup should be optically 
thick at the 0 + 4 to 0 + 5 ionization edge at 109 Â and 
concluded that, if hard radiation is responsible for the 
ionization, it must be produced locally, and not arise 
from a coronal zone at the base of the wind. They 
suggested that there are hot filaments with tempera- 
tures of order 106 K distributed throughout the wind, 
produced perhaps by flow instabilities. 

In spite of this potential difficulty, a study of the 
observational consequences of the coronal models of 
the type suggested by Hearn has been the goal of this 
and two previous papers. Cassinelli and Hartmann 
(1977) showed that coronal zones give rise to a broad 
bump in the infrared near 30 /¿m, above the excess 
expected from the wind itself. Cassinelli, Olson, and 
Stalio (1978) have reanalyzed Hearn’s study of the Ha 
profile in £ Ori, using the Sobolev line transfer method. 
They concluded that the coronal zone must be very 
thin and that the velocity at the top of the corona must 
be small compared to the photospheric escape velocity. 
It is the purpose of this paper to determine if hard 
radiation from the coronal zone at the base of the 
stellar wind could produce the anomalously high 
stages of ionization in a cool stellar wind, and at the 
same time satisfy observational constraints on the 
X-ray fluxes. The analysis will first be applied to £ Pup 
(04f) because of the large amount of observational 
and semiempirical data available. The ultraviolet 
resonance lines have recently been fitted by Olson 
(1978) with theoretical profiles to provide the degree 
and spatial distribution of ionization of C, N, O, Si, 
and S. Severe upper limits on the X-ray flux from 
£ Pup have been determined from the ANS satellite 
(Mewe et al. 1975) and from the Uhuru satellite 
(Giacconi et al. 1974). 

In § II is described the basic working model of a 
coronal zone surrounded by a cool, i.e., radiative 
equilibrium, wind. The constraints imposed by the 
analysis of the ultraviolet profiles in £ Pup by Olson 
(1978) are presented, and limits to acceptable emergent 
X-ray fluxes are derived. 

In § III, a simplified theory for deriving the ioniza- 
tion structure of an optically thick wind is developed. 
The wind is found to be very thick in the extreme- 
ultraviolet so that the dominant stages of ionization 
are produced by the diffuse radiation field in the cool 
stellar wind. In the soft X-ray region the main source 
of opacity is the K-shell ionization of oxygen which 
varies with frequency as v-2*6 and is nearly independ- 
ent of whatever is the dominant stage of ionization. 
As a result it is rather easy to analyze the transfer of 
X-rays through the wind. The X-rays produce trace 
amounts of high stages of ionization of C, N, and O 
by the Auger mechanism in which two electrons are 

ejected following K-shell absorption. A more detailed 
analysis is then developed for treating the ionization 
structure in an optically thick stellar wind that accounts 
for the transfer of the diffuse radiation field as well as 
the attenuation of the coronal X-rays. These tech- 
niques are then applied to a study of £ Pup. 

In §IV the theory is extended to discuss the B 
supergiants which also show anomalously high stages 
of ionization in their spectra. In these cooler stars the 
dominant stages of ionization in the cool winds shift 
from triply to singly ionized stages. Since the Auger 
mechanism produces anomalously large abundances 
of ions two stages above the dominant stage, we pre- 
dict the range in effective temperature for which 
certain ultraviolet lines should be anomalously strong. 
These predictions are compared with Copernicus and 
Skylab observations and are found to be in excellent 
agreement. As the O vi observations were the original 
impetus for proposing various wind models, a more 
detailed discussion of the production of 0+5 in stars 
near the critical effective temperature (below which 
no 0+5 would be expected in a corona cool wind 
model) is presented. 

A summary is given in § V. 

II. THE ASSUMED MODEL AND THE OBSERVATIONAL 
CONSTRAINTS ON THE CORONAL EMISSION 

FOR £ PUPPIS 

a) The Hybrid, Corona-plus-Cool-Wind Model 

The model we wish to test is one having a thin 
coronal region at the base of the outflow, surrounded 
by a stellar wind which has a relatively cool tempera- 
ture of 3 to 4 x 104 K as is appropriate for a gas in 
radiative equilibrium. The observed ultraviolet lines 
are formed in the cool wind region, but the degree of 
ionization in this wind may be somewhat enhanced 
by the hard radiation from the coronal zone. 

We assume that the wind has a velocity distribution 
of the form 

v2(r) = Vo2 + *>i20 - R*lr), (1) 

where R* is the stellar radius and v0 and vx are chosen 
so that the flow has a terminal velocity of 2660 km s “1 

and = Vx/lO. To determine the density distribution, 
we assume a mass loss rate, Ki, to be 8 x 10“6221oyr_1 

and use the conservation of mass equation 

M = 4rtp(r)v(r)r2 (2) 

to derive the run of density in the wind. 
A mass loss rate of about 8 x 10"6 yr“1 was 

derived for £ Pup from an analysis of the Ha profile 
by Cassinelli, Olson, and Stalio (1978) and by Conti 
and Frost (1977). Recently £ Pup has been detected 
at radio wavelengths by Morton and Wright (1978) 
and a mass loss rate of about 6.2 x 10“6 yr“1 

was derived from the observed flux assuming the wind 
to be at a temperature of 2 x 105 K. With a Gaunt 
factor appropriate for T # 35,000 K, the derived 
mass loss rate is 7.1 x 10"6 2Zt0 yr'1. A velocity law 
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of the form of equation (1) was found by Olson (1978) 
to produce reasonably good fits to the ultraviolet 
resonance line profiles. There are other velocity laws, 
say with a lower rate of increase, that also satisfy this 
requirement. The uncertainties in v(r) do not produce 
large errors in the abundances determined from the 
profile, nor in the basic conclusions of this paper. 

For the stellar flux distribution, we assume a 
sequence of Planck functions. Holm and Cassinelli 
(1977) have shown that the visual and ultraviolet flux 
distributions, as measured by OAO 2, and the angular 
diameter data for £ Pup by Davis et al. (1970), can be 
explained with a star having an effective temperature 
of 42,000 K and a mass loss rate of about 8 x 
10"6 2K0 yr"1. Therefore we will assume that the 
emergent flux distribution is that of a 42,000 K Planck 
function over most of the emergent spectrum. We 
allow for the expected drop in the emergent flux at the 
He il h = 1 absorption edge by adopting a distribu- 
tion of a 35,000 K Planck function at, and near, the 
edge at 228 Â. Because of the dependence of low stages 
of ionization, such as C+2 and Si+3, on the photo- 
spheric field and not on coronal emission, we found it 
possible to achieve the observed ionization abundances 
only by reducing the photospheric brightness tempera- 
tures from 42,000 K to 35,000 K in the region 228- 
280 Â. The photospheric field is likely to be deficient 
in this spectral region because of the confluence of the 
He II Lyman lines, and because of the larger number of 
resonance lines of heavier elements in that wavelength 
range. A similar modification of the far-ultraviolet 
flux of hot stars was needed by Kirkpatrick (1972) and 
Bohlin, Harrington, and Stecher (1978) to explain the 
ionization conditions in planetary nebulae. It can be 
justified because of the large uncertainties that exist 
in theoretical predictions from model atmospheres of 
hot stars, as has been recently discussed by Hummer 
(1977). 

For our purposes the coronal zone is completely 
specified by the coronal temperature Te and emission 
measure integrated over the volume of the coronal 
region 

EMC = ¡RCNe
2d Vol 

Jr. 
(3) 

Fig. 1.—The assumed form of the radiation field emergent 
from the photosphere and coronal zone for £ Pup. The photo- 
spheric field is that of a 42,000 K blackbody longward of 
228 Â and of a 35,000 K blackbody just shortward of 228 Â. 
The coronal emission shown at higher energies is from Kato 
(1976). The underlying coronal continuum is free-free emis- 
sion, and the excess emission is due to spectral lines. The 
coronal distribution shown here is for the case with coronal 
temperature T = 5 x 106 K and a coronal emission measure 
EMC = 1056 cm-3. The upper limits of the X-ray flux from 
£ Pup as derived from the ANS satellite’s Channel 1 to Channel 
4 detector are indicated, as is the Uhuru survey upper limit. 

temperature and it produces sufficient flux beyond the 
K-shell ionization edges, near 1017 Hz, for the produc- 
tion of 0 + 5. 

The coronal emission measure, EMC, is the funda- 
mental parameter that we shall adjust to produce the 
required degree of ionization. For the flux distribution 
shown in Figure 1, the emission measure is 1056 cm“3. 
If the wind were optically thin, this value of EMC would 
be sufficient to produce the required 0+5 abundance. 

b) Constraints on the Permissible X-Ray Flux 

We assume that the coronal region has a tempera- 
ture of rc = 5 x 106 K and use the emissivity of a 
coronal gas as has been calculated by Kato (1976). 
The data for a 5 x 106 K gas is presented in graphical 
and tabular form in that paper. A major contribution 
to the coronal radiation field is in emission lines. We 
have chosen to integrate the emission over bands of 
about 5-10 Â so as to produce a smoothed coronal 
emissivity that is more convenient for the radiative 
ionization integrations. The emergent spectrum from 
the star plus corona is displayed in Figure 1. The knee 
in the coronal emission at high frequencies occurs 
near hv¡kTc = 1. Thus, if the assumed coronal tem- 
perature were increased, the knee would be shifted 
linearly to larger frequencies. We have chosen to use 
Tc = 5 x 106 K because it is a rather typical coronal 

An attempt to detect £ Pup at X-ray wavelengths 
was made by the ANS satellite, and the upper limits 
for the count rate were derived by Mewe et al. (1975) 
for several bands in the energy region 0.16 to 3 keV. 
In addition, the region of the sky containing £ Pup 
was scanned in the Uhuru X-ray survey and was not 
found to have detectable X-ray emission. This puts 
an upper limit of 10 counts s“1 in the 1-6 keV range. 

The energy response functions of the ANS detectors 
(Mewe 1976) can be used to derive detector sensitivities 
Sf (ergs cm“2 count"1), for various input flux distri- 
butions. In Table 1 are given the count-rate upper 
limits, r, in counts per second for channels 1 to 4 of 
ANS and the sensitivities to a flat spectrum as well as 
results for X-ray luminosities and interstellar optical 
depths. 
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TABLE 1 
X-Ray Observations of £ Puppis 
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AE E Sensitivity r vLv 
Satellite (keV) (keV) (ergs cm-2 count-1) (counts s-1) (ergss-1) rv(ISM) 

ANS: 
Chi  0.16-0.284 0.25 2.6 x 10-11 <0.27 < 1.2 x 1033 1.23 
Ch 2  0.32-0.456 0.41 8.7 x 10-11 <0.08 <6.6 x 1033 0.26 
Ch 3  1.05-2.25 1.6 1.1 x 10-9 <0.09 < 3.3 x 1033 0.02 
Ch 4  1.45-3.00 2.2 3.3 x 1o-10 <0.07 < 7.9 x 1032 0.00 

Uhuru  2.00-6.00 4.0 1.7 x 10-11 <10.0 < 4.1 x 1033 0.00 

The flux observed by the ANS satellite is 

^ (ergs cm“2 s“1) . (4) 

After correcting for the extinction of the interstellar 
medium to X-rays, tx, one can derive upper limits to 
the X-ray luminosity in the various detector pass 
bands, as 

Lx = 4TTd26^r exp (+ tx) . (5) 

Here d is the distance to £ Pup (~450 pc, Lamers and 
Morton 1976). 

The interstellar optical depth to X-rays in the various 
ANS bands can be calculated using the cross sections 
of Cruddace et al. (1974) and the measured column 
densities to £ Pup. Using Copernicus spectra, Bohlin 
(1975) derived a column density for atomic hydrogen 
of 9.7 x 1019cm"2. Morton and Dinerstein (1975) 
derived a molecular hydrogen column density of 
2.8 x 1014 cm“2. From an analysis of high-resolution 
measurements of the interstellar Ha recombination 
line, Reynolds (1976) derived a column density of 
ionized hydrogen of <2.7 x 1020 cm“2. Assuming 
helium to be neutral where hydrogen is atomic and 
assuming He to be singly ionized where the Ha recom- 
bination line is formed, we derived the interstellar 
optical depths given in Table 1. The estimate for the 
channel 1 optical depth agrees well with that of Lamers 
and Morton (1976). The resulting X-ray upper limits 
are plotted in Figure 1. 

c) The Degree of Ionization in £ Puppis 

The degree and spatial distribution of the ionization 
in the stellar wind can be derived from theoretical fits 
to unblended ultraviolet resonance lines. Olson (1978) 
has calculated theoretical profiles for resonance lines 
using the Sobolev escape probability method. He 
derives families of profiles that are characterized by 
the total optical depth of the line, the assumed velocity 
distribution, and an index describing the spatial dis- 
tribution of the ion forming the line. The spatial 
distribution of the ion is parametrized by the index ß, 
such that the ratio of the number density of the ion, 
Nu to the electron number density, Ney is given by 

where rB is the radius at a reference point near the 

base of the flow. A summary of Olson’s results for the 
fractional degree of ionization (g* = NJN^ at 2R* 
and for the spatial index ß are given in Table 2 for 
several ions of interest. For ions having large column 
densities, the profile is “saturated,” i.e., unaffected 
by further increase in column densities, and for such 
ions it is possible to set only upper limits on the 
ionization fraction. 

In an optically thin wind there should be an increase 
in the degree of ionization in the outward direction. 
This is because of the dependence of ionization on 
electron density in the radiative ionization equilibrium 
equation: 

Ni+1Nea = Ni^aJvdu (7) 

~ NiW j av exp (- 0V)F>, (8) 

where a is the recombination coefficient, av is the 
absorption cross section, 0V is the optical depth of the 
wind measured from the base of the flow outward, 
Fv is the stellar flux, and W is the dilution coefficient. 
Since Wccl/r2 and A^oc^r2)"1, one gets Ní + JNíCCv 
in an optically thin wind. As the velocity increases 
outward, there should be a monotonie increase of the 
higher stages of ionization and a decrease of the lower 
stages with radial distance from the star. A similar 
argument holds for the Auger ionizations which 
produce 0 + 5 from 0 + 3. 

In optically thick winds, the flux from the star 
decreases as exp (— 0V). Hence the integral on the 
right-hand side of equation (8) might decrease more 

TABLE 2 
Ionization Structure at 2 R* in £ Puppis Derived from 

Fitting Line Profiles 

Ion ß gt(2 R*) 

C + 2  -3. 2.6 x 10-3 

C+3  -1. * >5.3 x 1Ö-3 

N + 2.   -2. 1.2 x 10-2 

N + 3.  +0.3 0.25 
N + 4  +1. * >3.1 x 10-3 

0 + 5  0. * 7.9 x 10-4 

Si + 3  -1. 8.6 x 10-4 

S + 3  -1. 2.3 x 10-2 

S + 5   -2. 1.3 x 10-2 

* Values for ß could not be determined from the profile, 
but were chosen, as shown, for theoretical reasons. 
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rapidly than Ne and cause the higher stages of ioniza- 
tion to decrease with increasing radius. 

We have calculated the degree of ionization in the 
stellar wind accounting for the radiative and colli- 
sional ionization, Auger ionization, and radiative and 
dielectronic recombination. As did Lamers and 
Morton (1976) and Natta et al (1975), we make the 
nebular approximation that all ions are in the ground 
level. For the I Pup models we calculated the degree 
of ionization and opacities of He, C, N, O, Ne, Mg, 
Si, and S using the solar abundances of Withbroe 
(1971). 

We used the radiative ionization cross sections 
collected by Osterbrock (1974) and augmented these 
for higher stages of ionization from the references 
given in Aldrovandi and Péquignot (1973) and the 
more recent cross sections of John and Morgan (1974). 
For K-shell ionizations we used the cross sections of 
Daltabuit and Cox (1972). The method of Weisheit 
(1974) was used to modify the statistical equilibrium 
calculations so as to include the Auger ionization 
process, and for simplicity we assumed that two 
electrons are ejected following every K-shell ionization. 
This assumption is correct for ions with less than 10 
electrons such as those of C, N, and O, but is only 
approximate for Si and S. The collisional ionization 
rates of Seaton (1964) were used, and the radiative 
and dielectronic recombination rates were calculated 
using the formulae of Aldrovandi and Péquignot 
(1973). 

The basic logic of the program for the solution of 
the matrix of rate equations and the collisional and 
recombination data were kindly provided to us by 
Lamers (1975a). 

There is a broad frequency region in which the wind 
is very thick because of bound-free opacity of abundant 
ions. If the winds of Of stars and OB supergiants are 
cool, they are optically thick at frequencies extending 
from the He+ edge at 1.3 x 1016 Hz to frequencies 
somewhat beyond the K-shell ionization edge of 
oxygen at 1.4 x 1017 Hz. The effects of the radiation 
field in this frequency range will be discussed below. 
Here we are only interested in radiation at frequencies 
beyond the K-shell edges that produce Auger ioniza- 
tion. This simplifies the analysis a great deal because 
at these high frequencies the only important sources 
of opacity are K-shell ionizations of carbon, nitrogen, 
and oxygen, and these opacities are nearly independent 
of the number of electrons in the outer shells (Daltabuit 
and Cox 1972). Thus we need not be concerned with 
the ionization structure of the wind, and the opacity 
depends only on the total abundances of C, N, and O. 

The attenuation optical depth measured outward 
from the corona at Rc to radius r is 

0vO9 = 2 ^ f Pdr’ (9) 
CNO Jrc 

where kv is the opacity per gram, which can be 
derived from the cross section in Daltabuit and Cox 
(1972). These have the general form av = a0(y0lv)s, 
where v0 is the threshold frequency for K-shell 
ionization. In particular for C, N, and O we have 

av(C) = 1.0 x 10"18(7.2 x 1016/v)2-50 cm2 , 

av(N) = 0.71 x 10"18(1.0 x 101»2*54 cm2 , 

av(0) = 0.50 x 10“18(1.4 x 101»2*60 cm2 . (10) 

III. IONIZATION CONDITIONS IN THE OPTICALLY 
THICK WIND OF £ PUPPIS 

a) A Simplified Theory for Auger Ionization in 
an Optically Thick Wind 

In the corona plus cool wind model the 0+5 is 
produced primarily through the Auger process whereby 
two electrons are ejected from the dominant stage of 
ionization, 0+3, following the absorption of an X-ray 
photon. The process also works for other ions and 
may be able to explain the anomalous ionization seen 
in O stars and in B supergiants. In this section we 
develop a simple equation for the fractional abundance 
of anomalously high stages of ionization that can be 
produced. The theory requires that the dominant stage 
of ionization be two stages below the observed 
anomalous stage, because only a small fraction of 
these “parent” ions are expected to be ionized in the 
Auger process. The determination of the dominant 
stage is somewhat difficult because of the dependence 
on the diffuse radiation field, but the results are not 
especially controversial and in this section we will 
assume that the dominant stages of ionization are 
known. We focus our attention, instead, on the 
dependence of the Auger process on the optical depth 
in the wind and on the coronal emission measure and 
coronal temperature. 

Using the atomic abundances given by Withbroe 
(1971) and expressing frequencies in units of the oxygen 
K-shell edge, x = v/(1.4 x 1017), the opacities per 
gram at frequencies beyond 1.4 x 1017 Hz are 

/c*(C) = 29.2JC-2*50, 

kx(1A) — 14.3x:“2'54, 

k*(0) = 140.x-2-60 . (11) 

The mass column density from Rc to r may be 
expressed in terms of velocity at r, by noting that 
equation (1) leads to the transformation 

and thus with equation (2) 

where til is the mass loss rate from the star, and Rc is 
the radius at the base of the cool wind where the 
velocity equals v0. For the I Pup model parameters 
given earlier, the optical depth of the entire wind at the 
K edge of oxygen, i.e., at x = 1, is 0i(oo) = 26.0 and 
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the optical depth decreases with frequency roughly as 
jc-2*6 reaching unity at v = 5 x 1017 Hz or 2 keV. 

To focus attention on the dependence of the 
ionization structure on the coronal temperature, we 
note that the flux distribution of the corona, as seen 
in Figure 1, can be represented by a simple multiple 
of the underlying bremsstrahlung continuum, 

ßcF0 exp (—hvlkTc), 

where ßc is a factor to account for line emission from 
the corona, and F0 is chosen to fit the bremsstrahlung 
continuum. An adequate fit to the coronal flux 
distribution of Figure 1 is 

Fv = EMc-jSc x 3.5 x IO"67 exp (-hvlkTc) . (14) 

For the flux distribution shown in Figure 1, the line 
correction factor is ßc x 13, over the frequency 
region beyond 1.4 x 1017. 

At the frequencies producing K-shell ionization 
the only significant contribution to the mean intensity 
is the diluted and attenuated coronal radiation: 

Jv = PFFvexp(-0v). (15) 

The ionization equilibrium equation which describes 
the formation of the trace ion Elp+2 from the parent 
ion Elp, by the Auger process is 

N(Elp+2)Nea(Te) = OTO avJvdv, (16) 

where a(Te) is the recombination rate from Elp+2 to 
Elp + 1, Ne(r) is the local electron density, and vE1 is 
the threshold frequency for K-shell ionization. Again 
letting g be the fractional ionic abundance, equation 
(16) can be rewritten as 

g(Elp + 2) 47t a0WEMcßcFQ 

g(Elp) ^Ie) h Ne(r) 

x T exp [—(hvEilkTc)x — 9x(r)] ^. 

*S + 1 

(17) 

This is our basic equation for the simplified theory 
describing the hot-corona-cool-wind model. The 
analysis nicely separates into two parts. The depend- 
ence on the electron temperature of the wind is confined 
to the left-hand side. The abundance of the parent ion 
g(Elp) will depend on the local electron temperature 
through the diffuse radiation field. On the right-hand 
side are the simple functions of radius, W, Ne, and 
0x(r), along with the coronal parameters Tc and EMC. 
The abundance of the “anomalous” ionization state 
g(Elp+2) is directly proportional to the coronal 
emission measure, and has a rather simple dependence 
on the coronal temperature. As discussed earlier, the 
coronal flux has a knee at hvlkTc = 1. If hvmlkTc^> 1, 
there will be negligible radiation beyond the K-shell 
edge and little of the Elp+2 stage of ionization will be 
produced. As Tc increases, the production rate in- 

creases rapidly. It should be possible, in fact, to deduce 
limits on coronal temperature by noting which elements 
have enhanced ionization and which do not. 

The emission measure of the corona, EMC, is not 
known a priori, but it is possible to put reasonable 
limits on it, if we expect it to be “thin” in comparison 
with the scale of the flow. As we are willing to specify 
the velocity and density structure in the cool wind, it is 
possible to derive an emission measure for the wind 
region, EM^, 

EMW = Í Ne
2tor2dr, (18) 

Jrc 

where Rc is the radius at the top of the coronal region 
where v(Rc) = v0. Applying the transformation of 
equation (12) to equation (18), we convert the spatial 
integral to a velocity integral. Assuming hydrogen 
and helium to be completely ionized so that Ne cc 
Mlvr2, this integral gives 

(19) 

where is in solar masses per year, ^ is in km s"1, 
and iie is the mean particle mass per electron. The 
emission measure of the coronal region is expected to 
scale with ilï and Rc in the same way as does EM^,. 
Therefore we let 

EMC = ycEMw, 

where yc is our new adjustable parameter and we 
expect that a thin corona will have yc < 1. For £ Pup 
one has EMu, æ 2.5 x 1059 cm“3. 

Table 3 shows the results of solutions of equation 
(17) for the radial distribution of Auger ionization 
for the case in which Tc = 5 x 106 and yc = 0.1. 
Results are given for five elements which have 
resonance lines in the ultraviolet that might be en- 
hanced by the Auger process: C, N, O, Si, and S. If 
we assume that oxygen is mostly in the ionization 
stage 0+3, then the amount of 0+5 at 2 jR* produced 
by the Auger mechanism is near that required to fit 

TABLE 3 
Results of Simplified Theory for the Ratio ^(E1p+2)/^(E1p) 

in an Optically Thick Wind of £ Puppis* 

rlR* N O Si 

1.1.. 
1.2.. 
1.5.. 
2.0. . 
5.0.. 

10.0.. 

-2.43 
-2.66 
-2.93 
-3.10 
-3.29 
-3.34 

-2.53 
-2.76 
-3.03 
-3.20 
-3.40 
-3.44 

-2.54 
-2.77 
-3.05 
-3.22 
-3.41 
-3.46 

-2.51 
-2.49 
-2.49 
-2.50 
-2.53 
-2.54 

-3.33 
-3.27 
-3.22 
-3.20 
-3.18 
-3.18 

* Parameters: Tetf = 42,000 K, Tc = 5 x 106 K, 
8 x 10 Mq yr_1, log EMu> = 59.4, log EMC = 58.4. 

M = 
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the observations shown in Table 2. Thus we conclude 
from the simplified theory that for £ Pup, EMC = 
2.5 x 1058. This agrees well with the detailed analysis 
presented in the following section and with the analysis 
of Olson (1978). This value of EMC required for the 
optically thick case is about two orders of magnitude 
larger than that required if the wind were optically 
thin. 

Note also in Table 3 that g(Elp+2) decreases in the 
outward radial direction, in contrast with the optically 
thin case. This effect is entirely due to the attenuation 
factor exp [—flyO*)]- In the thin case the higher stages 
of ionization should increase outwardly, in proportion 
to ü(r), as discussed earlier. 

The abundance of 0+5 can also be increased by 
increasing the coronal temperature. This is shown in 
Figure 2, which is a plot of g(Elp+2)/g(Elp) versus 
coronal temperature for C, N, and O. For oxygen, 
one gets an increase in the abundance of 0+5 by an 
order of magnitude, if the coronal temperature is 
increased from 5 x 106 to about 12 x 106 K. Al- 
though one could incresse either the coronal tempera- 
ture or coronal emission measure to enhance the high 
stage of ionization, we will continue to consider in 
detail only the case in which the coronal temperature 
is 5 x 106 K. 

Some aspects of this simplified theory will be referred 
to in §IV, but we must discuss in somewhat more 
detail the processes that influence the dominant stage 
of ionization. 

tí) The Effect of the Diffuse Field on the 
Ionization Conditions in £ Puppis 

The results of the previous section have shown that 
0 + 5 can be produced in a spatially extended region in 
£ Pup, in spite of the fact that the wind is very thick 
at the 0+4 to 0 + 5 ionization edge and at the K-shell 
edge of O+3. This is because the wind becomes optically 
thin at frequencies well beyond the K-shell edge. 
Coronal X-rays at those frequencies can produce 
sufficient Auger ionization for the production of 0 + 5 

in £ Pup and other ions in cooler stars. Thus we have 
overcome the objection of Natta et al. (1975) to models 
having coronal radiation produced only near the base 
of the wind. In this section we will treat the problem 
in somewhat greater detail and investigate the de- 
pendence of the ionization structure of the wind on the 
electron temperature in the wind. The opacity of the 
wind material depends on the electron temperature 
through the collisional ionization and recombination 
rates, and the dilute radiation field depends on the 
electron temperature through Bv(Te). The actual run 
of electron temperature is determined by the radiative 
equilibrium condition, in the hybrid corona plus cool 
wind picture, but as discussed in Klein and Castor 
(1978) the determination of the radiative equilibrium 
temperature is a very difficult problem. Therefore we 
consider several isothermal models with appropriately 
“cool” temperatures. 

In particular we consider three cases : Te = 30,000, 
35,000, and 40,000 K, which are in the range of tem- 

Fig. 2.—Shows the ratio of the relative abundance of two 
stages of ionization Elp+2 and Elp that is caused by the Auger 
process for several elements, as a function of assumed coronal 
temperature Tc. In the calculations leading to these results, the 
optical depth of the wind of £ Pup is accounted for, and it is 
assumed that EMC = 1058-4 cm-3 and that the coronal emission 
varies with temperature as exp (—hv[kTc). 

peratures appropriate for a gas in radiative equi- 
librium. In our calculation of the radiation field we 
take into account the outer-shell and K-shell ioniza- 
tion opacities of He, C, N, O, Ne, Mg, Si, and S. 

The ionization equilibrium matrix equation for each 
chemical element is solved as described in § II, but 
now we must include in the photoionization rates a 
contribution from a mean intensity Jv(r) that accounts 
for the attenuated stellar plus coronal flux and for the 
locally produced diffuse radiation field. 

At frequencies for which the wind is optically thin, 
Jv is the spatially diluted stellar plus coronal flux, 
WFV. At frequencies for which the wind is very thick, 
the intensity is the local source function which we take 
to be Bv(T¡)9 the Planck function at the local electron 
temperature. As an interpolation between these two 
extremes we actually use in the radiative ionization 
rate equations 

Jfr) = WFV exp (- 0V) + Bv(Te) 

x [1 — 0.5 exp (— 0V) — 0.5 exp (— rv)], (20) 

where 0V is the optical depth from the top of the 
coronal zone, i£c to r : 

0V = I Kvpdr ; 
Jrc 

and rv is the optical depth from r to infinity: 

The expression for the diffuse contribution to Jv in 
equation (20) is just a two-stream or “flare approxima- 
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tion” used in solar work and is meant to describe in a 
simple way the contribution to the diffuse radiation 
from the wind interior to r and from the wind exterior 
to r, i.e., 

JAr) ^ - exp (— 0V)] + %BV[\ - exp (— rv)]. 

This is rather crude, and one could consider 
slightly more sophisticated angle averages as in Olson 
(1978). However, it certainly leads to an adequate 
representation of the spatial dependence of the 
ionization just above a coronal region. We feel that it is 
appropriate in light of the other simplifying approxi- 
mations of the model, such as our simple two- 
component temperature structure and the Planckian 
continuum distribution. At the frequencies which are 
required to produce 0 + 5 from 0 + 3 (> 1017 Hz), the 
diffuse field contributes negligibly to the radiative 
rates as can be seen in Figure 1, which shows the 
rapid decline of Æv(re) for Te = 35,000 K. For the 
source function of the optically thick wind, we are 
using Sv = This is quite adequate for the case 
in which the electron temperature and the temperature 
of the incoming radiation field are nearly equal. More 
generally one might use ^ = Bvjbu where bx is the 
departure coefficient for the ground level of He+ or 
whatever ion is the dominant source of opacity, as 
discussed by Klein and Castor (1978). These authors 
have discussed the formidable problems associated 
with the determination of bx and have concluded that 
b1 is within an order of magnitude of unity if the 
electron temperature and radiation temperature are 
nearly the same. A change in bx by a factor of 10 
corresponds, for example, to a change in the diffuse 
radiation temperature of only about 1170 at 35,000 K 
at the N + 3 to N+4 edge at 192 Â. This change is well 
within the uncertainties of the temperature of the 
radiative equilibrium wind. 

The spatial distribution of the ionization is cal- 
culated in the process of finding the attenuation 
optical depth 0V. We numerically integrate the differen- 
tial equation 

5 = -vP = 2 2 ^i.A(El, j) , (21) ur ei y 

starting at the top of the coronal zone (i.e., the base 
of the cool wind) where 0V = 0. The monochromatic 
opacity kv is, as usual, the sum over the opacities of 
all the stages of ionization of all of the elements con- 
sidered, including K-shell opacity. To get the number 
of particles in the yth stage of ionization for element 
El, it is necessary to know the radiation field Jv(r) 
which in turn depends on 0v(r). Therefore, the mono- 
chromatic optical depth calculations in equation (21) 
are coupled and the differential equations must be 
solved simultaneously. We have solved the simul- 
taneous set of first-order differential equations using a 
variable step Hammings predictor corrector method 
which uses a Runge Kutta procedure to start the 
calculation. The expression for Jv also involves the 
optical depth rv. We found that it is adequate to 

estimate rv on the basis of the local value of kv that 
is found at each step of the outward integration; thus 
we used 

Tv(r) = Kv(r) (y» - v) . (22) 

One could consider iterating to derive rv, but the 
predicted value is found to agree with the value 
calculated on the outward integration to within about 
30% at most frequencies and is therefore sufficiently 
accurate. 

The results for the derived spatial distribution of 
the ionization in £ Pup are shown in Figure 3 for three 
different wind temperatures with EMC = 1058 cm-3. 
We find that the fractional abundance of 0 + 5 de- 
creases in the outward direction from values near 
0. 03 at the base of the cool wind to values near 10“4 

very far from the star. So as to isolate the effects of the 
coronal radiation, the results for N+4 and 0+5 are 
also shown in Figure 3 for the case with no corona, 
1. e., EMC = 0. Note that the spatial distribution of 
C+2 and N+4, beyond a thin region just above the 
corona, are controlled by the noncoronal radiation 
field, i.e., the ambient diffuse field and the strongly 
attenuated photospheric field. The required amounts 
of C+2 and N+4 (Table 2) are achieved for wind 
temperatures between 30,000 and 35,000 K. The wind 
is very thick (i.e., fv = rv + 0V > 10) out to about 
3 x 1017 Hz (Fig. 4), so Jv æ Bv throughout most of 
the wind. This explains the increase in the outward 
direction of the abundance of N+4. For if Jv ä Rv, 
the right-hand side of equation (7) is constant and thus 
the ratio of N + 4 to the dominant stage N+3 increases 
as \¡Ne. This also explains the rise in the abundance 
of 0 + 5 for the case with Te = 40,000 (Fig. 3c) because 
at such temperatures 0+4 is the dominant stage of 
ionization. 

In Figure 3c, we see that the diffuse field produces 
significant amounts of 0 + 5 beyond about 2 R*. This 
result partly illustrates the “tepid wind” explanation 
of the anomalous ionization in O stars that has been 
proposed by Castor (1978). If the winds of the OB 
stars from 04 through B0.5 are at temperatures higher 
than 40,000 K, the spectra should show the strong 
0 + 5 lines. This is certainly a feasible alternative to the 
warm-wind and hybrid coronal-plus-cool-wind models, 
and the other observable consequences of the tepid 
wind model are being investigated by Castor (1978). 
These three models are compared in a review by 
Cassinelli, Castor, and Lamers (1978). 

In Figures 3a and 3b we see that the noncoronal 
field contributes a negligible amount of 0 + 5. (For the 
30,000 K case, the contribution is below the graph and 
hence the EMC = 0 case cannot be shown on Fig. 3a). 
We conclude from Figures 3a and 3b that the degree 
of ionization seen in O stars can be produced in a cool 
stellar wind, subjected to coronal X-ray radiation. So 
as to avoid any overlap of the coronal explanation 
and the tepid-wind explanation of the ionization, we 
will not consider the Te = 40,000 K case any further 
but will focus our attention on the cooler winds and 
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Fig. 3—The relative degree of ionization of C+2, N+4, and 0+5 versus radius in the optically thick wind of £ Pup. Results are 
shown for isothermal winds with the three electron temperatures indicated in each section, and in each case the corona is assumed 
to have a temperature of 5 x 106 K and an emission measure of lO58 cm-3. So as to isolate the effect of the coronal radiation from 
that of the dilute radiation field, shown in dashed lines are results for N + 4 and 0+5 for the case in which there is no coronal emis- 
sion, i.e., EMC = 0.0. At 30,000 K one should expect negligible 0+5 unless coronal radiation is present; at 40,000 K the diffuse 
field alone can produce significant 0+5. 

optical depth, rv, of the wind of £ Pup is shown in 
Figure 4 as a function of frequency. At very large 
energies, the K shell opacity of carbon, nitrogen, and 
oxygen is seen to dominate, as was assumed in the 
simplified theory discussed before. The emergent 
radiation field is shown in Figure 5, for the two wind 
temperature Te = 30,000 and 35,000 K. 

The X-ray flux falls slightly below the ANS channel 
4 upper limits, and hence we cannot rule out coronal 
models on the basis of current observational data. At 
the channel 1 energies of ~0.25keV there is now a 
greatly diminished flux owing to the metallic photo- 
ionization opacities in the wind. Although there are 
several uncertainties in our calculated model and in our 
estimates of the interstellar optical depths, one can 
safely conclude that instruments only slightly more 
sensitive than those on the ANS satellite will be able 
to prove the existence or absence of a corona around 
£ Pup. The HEAO B satellite scheduled for launch in 
late 1978 will have the required sensitivity and spatial 
resolution to do this. 

We suggest that attempts should also be made to 
detect a flux at \ keV for several reasons. The flux 
at these wavelengths is somewhat model dependent. 
For example, we have seen that the optically thin 
model showed a significant \ keV flux. The calculated 
optical depth depends somewhat on the assumed 
velocity structure, and the velocity at the base of the 
cool wind. If we assume that the velocity at the base 
of the wind is 500 km s“1 instead of the tfoo/20 that 
we used through the rest of the modeling, the i keV 
flux is increased by an order of magnitude, though 
still well below the ANS channel 1 limit. Hearn (1975) 
suggested that the winds of early type stars are driven 

discuss the expected X-ray emission and compare it 
with available observations. 

For the £ Pup model we have found that a coronal 
model with an emission measure of about 1058 cm-3 

can produce the needed degree of ionization in a wind 
with a gas temperature of about 30-35 x 103 K. The 
X-ray luminosity that is transmitted through the entire 
flow region is Lv* exp (—tv), where Lv* is the sum of 
the photospheric and coronal luminosities. The total 

Kev 
.05 .1 .2 .5 I 2 5 10 

Fig. 4.—Shown is the total optical depth of the wind at 
frequencies beyond the He n edge. Also indicated are important 
opacity edges of oxygen and silicon and K-shell edges of C 
and O. At large frequencies the optical depth decreases as I» —2.6 
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Fig. 5.—The emergent X-ray spectrum expected for £ Pup, 
after accounting for the attenuation by the cool wind. These 
results correspond to the case with Tc — 5 x 106 K, EMC = 
1058, and two values for the wind electron temperature, Tei 
as indicated. The X-ray upper limits from two of the ANS 
channels are also shown. At very large frequencies the emergent 
flux is nearly independent of the assumed electron temperature 
because the opacity is primarily K-shell absorption. 

to nearly escape velocities by a coronal zone; thus the 
relative flux at ^ keV and 2 keV could perhaps provide 
a test of that type of model. Such a model has already 
been criticized by Cassinelli, Olson, and Stalio (1978) 
on the basis of observed Ha lines contours, but other 
evidence for or against the model would be useful. 

IV. THE ANOMALOUS IONIZATION IN THE 
WINDS OF OB SUPERGIANTS 

Anomalous ionization in stellar winds is not con- 
fined to £ Pup and other Of stars but extends to B 
supergiants, as can be seen in the catalog of Snow and 
Morton (1976), and as discussed by Lamers and Snow 
(1978). The 0 + 5 ion is observed in the winds of super- 
giants as late as k Ori (BO. 5 la, Teii ^ 26,400 K). 
Recently Morton (1978) has studied the presence of 
0 + 5 in a range of stars and has found that it is absent 
in the B1 supergiants p Leo and y Ara (T^f ^ 21,000 K) 
and in later spectral types. The N+4 ion persists to 
somewhat later supergiants, as it is present in p Leo 
(B1 lab) (Snow and Morton 1976), is weak in 0 Ara 
(B2 lb) (Savage 1978; Upson 1978) with Teff ^ 
18,000 K, and is absent at B31 and later. The Copernicus 
satellite has a low sensitivity to wavelengths near the 
C + 3 doublet at 1550 Â, but several observations have 
been made from Skylab and were reported by Parsons 
et al. (1978). The C+3 ion exists in winds of stars at 
least as late as o2 CMa (B3 la) with Teiî = 15,500 K. 
The Si+3 ion is evidenced in stars as late as ßOri 

(B8 la, Teff -- 12,000 K). In this section we will discuss 
the possibility that all of these anomalies can be 
explained by the corona-plus-cool-wind model. An 
alternate explanation in terms of the warm wind model 
was presented by Lamers and Snow (1978), who 
postulated that stars showing O vi have winds with 
Te = 2 x 105 K and later B supergiants have winds 
with 7; = 8 x 104 K. 

a) Ionization Stages Expected in OB Supergiant Winds 
and Predictions of the Auger Ionization Model 

In the corona-plus-cool-wind model the anomalously 
high ionization stages are expected to be produced by 
K-shell ionization of the dominant ion. Therefore we 
must first determine the dominant stages that are 
expected to exist in the winds of the O and B super- 
giants. These stars have effective temperatures ranging 
from 42,000 K for the early O stars down to about 
10,000 K for the late B supergiants. To get a rough 
estimate as to which stages of ionization are dominant 
in which stars, we have solved the ionization equi- 
librium equations for gases with Te = 0.8 Te{tl and 
with an electron density Ne = 1010cm"3, which is 
rather typical of stellar wind densities. We have carried 
out the calculations in two ways: first, we assumed 
that the winds are very thick and therefore the mean 
intensity is given by Jv = Bv(Te). Second, we assumed 
that the radiation field is that of a dilute photospheric 
field at r = 2 R*, i.e., Jv = WFV*, where 7%* is the 
photospheric flux. For Fv* we used the results of the 
model calculations of Kurucz, Peytremann, and 
Avrett (1974), for effective temperature in the range 
10,000-45,000 K, and logg = 4.5. The results for 
carbon and oxygen are shown in Figure 6, and similar 
results were obtained for the other elements of interest. 
From such graphs we read off two temperature ranges : 
the temperature range in which a given ion has a 
relative abundance of at least 10 “4, and is therefore 
likely to be observable in its strong resonance lines; 
and the temperature range in which the ion is one of 
the “dominant” stages, i.e., having a relative abun- 
dance greater than 10%. These latter ions are the ones 
that we can expect to be likely “parents” for an 
anomalously high stage of ionization because öf K- 
shell absorption and subsequent Auger ionization. 
The effective temperature ranges for which we expect 
a given ion to have relative abundances of g > 10“4 

or g > 10“1 are summarized in Table 4. 
Table 5 lists seven sets of ultraviolet lines from high 

stages of ionization that are included in the list of 
Snow and Morton (1976) of “lines most likely to 
reveal mass loss.” Their data for the lines and atomic 
abundances are repeated in this table. Column (5) 
gives the range in effective temperature for which the 
ion has an abundance of 10“4 and is likely to be seen. 
This range is taken from the data of Table 4. Note, for 
example, that the O vi doublet is not expected to be 
seen in the spectra of any of the O and B stars, and N v 
and S vi should be seen only in the hottest Of stars. In 
column (6) is listed the effective temperature range in 
which we expect the line to be anomalously strong 
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Fig. 6.—Shows the ionization equilibrium of carbon and 
oxygen versus effective temperature of the supergiant with a 
stellar wind, at a place where the wind electron density is 
1 x 1010cm"3. The calculations were carried out for two 
“limiting” approximations for the mean intensity Jv. First, 
Jv was assumed to be the diffuse radiation field of a very 
optically thick wind which has an electron temperature of 
0.8 Teff. These results are indicated by the solid lines. Second, 
the mean intensity was assumed to be that in an optically thin 
wind, and thus is the diluted radiation field of the stellar 
photosphere. These results are shown by the dashed lines. The 
photospheric flux Fv was taken from the tables of Kurucz, 
Peytremann, and Avrett (1974), and the dilution factor is for 
a radius of 2 R+. 

owing to the Auger process. In deriving this we have 
simply assumed that the K-shell ionization will lead to 
the ejection of two electrons from a parent ion. Thus 
the relevant temperature range is the one in which the 
parent is one of the “dominant” stages, as given in 
Table 4. Column (7) of Table 5 identifies the parent 
ion, and the K-shell ionization edge for that ion is given 
in column (8), and is taken from Daltabuit and Cox 
(1972). 
. .Note that we expect the Auger process to lead to 
strong lines of C iv and Si iv in the winds of super- 
giants with effective temperatures as low as about 
10.000 K, whereas normally these lines should not be 
expected in stars with effective temperatures less than 
20.000 K. The lines of N v and O vi are expected to be 
anomalously strong in stars with 7"eff greater than 
20,000 K and 30,000 K, respectively. 

b) Comparison of Predictions and Observations 

Table 6 summarizes the results of the observational 
surveys discussed above. Listed are nine O and B 
supergiants with effective temperatures ranging from 
that of £ Pup, 42,000 K, down to the 11,600 K of Ori. 
Asterisks indicate that the indicated resonance line is 
actually seen with a P Cygni or shortwardly displaced 
absorption feature and is therefore formed in the 
stellar wind. Daggers indicate lines that are not 
expected in the cool radiative equilibrium wind around 
the star. Finally, the range in effective temperatures 
over which one might expect to see the line significantly 
enhanced by the Auger process is indicated by a 
double dagger (J). These predictions are based on the 
results in Table 5. 

If the Auger ionization model is correct for all of 
the OB supergiants, one should expect to see nothing 

TABLE 4 
Summary of Ionization Equilibria Calculations: Ne — 1010, Te = 0.8 refi, and Jv = Bv{Te) or [/v = WFv(TQit)] 

Ion 
I* 

ATeff 
//t 
A Teff Ion 

/* 
A Teff 

m 
ATeff 

C+1., 

C+2. 

C+3. 

c+4. 

N+1. 

N+2. 

N+3. 

N+4. 

0 + 1. . 

8- 18 
(<10- 21) 

15- 40 
(16- 40) 
30- 46 

(37->45) 
39->75 

(40->45) 
8- 20 

(11- 27) 
17- 35 

(26- 39) 
28- 60 

(37->45) 
50- 67 

(>45- ...) 
8- 23 

(12- 29) 

<8- 27 
(<10- 32) 

12- 50 
(13->45) 
23- 65 

(31->45) 
34->75 

(36->45) 
<8- 30 

(<10- 33) 
14- 50 

(18->45) 
22- 74 

(29->45) 
38->75 

(40->45) 
<8- 32 
(10- 35) 

0 + 2 

0 + 3 

0+4 

0 + 5 

Si + 1 

Si + 2 

Si+3 

Si + 4 

P+1. 

20- 37 
(26- 39) 
30- 56 

(36->45) 
45- >75 

(... ...) 
70->75 

( ) 
<8- 13 

(< 10- 16) 
11- 28 

(14- 32) 
22- 34 

...(30- 37) 
28->75 

(33->45) 
8- 16 

(<10- 18) 

16- 52 
(18->45) 
24- 75 

(28->45) 
35- 75 

(38- 45) 
54- 

(• 
<8- 22 

(<10- 26) 
8- 35) 

(11- 37) 
19- 48 

(22- 45) 
23- 75 

(30- 45) 
<8- 23 

(<10- 28) 

• ) 

13- 
(15- 
20- 

(26- 
34- 

25 
32) 
42 
44) 
48 

(37->45) 
40->75 

(40->45) 
<8- 

(< 10- 
14- 

(16- 
23- 

(28- 
30- 

(36->45) 
46- 64 

(>45- ...) 

17 
20) 
29 
33) 
43 
45) 
59 

10- 40 
(10- 37) 
15- 52 

(18->45) 
25- 71 

(32->45) 
34->75) 

(37->45) 
<8- 

(< 10- 
11- 

(12- 
16— 

25 
30) 
29 
41) 
57 

(22->45) 
24- 70 

(32->45) 
36->75 

(39->45) 

* Column I: Effective temperature range (ATeff) in 103 K for which NlonfNeiement >0.1. 
t Column II: Effective temperature range (Areff) in 103 K for which Mon Wie ment > 1.0 x 10 "4. 
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TABLE 5 
Ultraviolet Resonance Lines Likely to be Enhanced by Auger Ionization 

Line 
(1) 

A 
(Â) 
(2) 

/ 
(3) 

Abundance 
NmINR 

(4) 

Terr Range 
Normally 
Expected 
(103 K) 

(5) 

Tett Range Ion 
Expected via 
Auger Process 

(103 K) 
(6) 

Parent 
Ion 
(7) 

K-Shell 
Edge (keV) 

(8) 

Civ. 

Nv.. 

O vi. 

Si iv. 

Pv.. 

Siv.. 

Svi.. 

1548.2 
1550.8 
1238.8 
1242.8 
1031.9 
1037.6 
1393.8 
1402.8 
1118.0 
1280.0 
1062.7 
1073.0 
933.4 
944.5 

0.194 
0.097 
0.152 
0.076 
0.130 
0.065 
0.528 
0.262 
0.495 
0.245 
0.038 
0.037 
0.426 
0.210 

3.7 x IO"4 

1.1 x IO"4 

6.8 x 10"4 

3.5 x IO"6 

2.7 x IO"7 

1.6 x IO"6 

1.6 x 10“5 

2$-65 

Teff > 39 

Tett > 54 

20-45 

33-70 

19-50 

Tett > 37 

9-20 

20-37 

30-50 

8-16 

14-29 

8-19 

25-44 

C+1 

N+2 

0+3 

Si+1 

p + 2 

S + 1 

s+3 

0.296 

0.432 

0.595 

1.88 

2.24 

2.54 

2.58 

but asterisks or dagger symbols at and above the 
double dagger and only § symbols below the double 
dagger. 

The predictions of the theory hold up amazingly 
well for Si iv, C iv, N v, and O vi. There is only one 
striking departure from the predictions of the model. 
The sulfur lines, S iv and S vi, show no anomalous 
enhancements, i.e., no dagger in the table. This is 
easily explained because the S iv lines should be 30 
times weaker than the Si iv lines when relative 
abundances and oscillator strengths are considered, 
thus S iv A1065 is too weak to show the Auger en- 
hancement except possibly in B supergiants with very 
strong winds. For similar reasons the S vi lines should 
be 10 times weaker than the O vi lines. Furthermore, 
the lines are in the short wavelength region that has 
either not been observed or not yet published. The 
catalog of Snow and Jenkins (1977) starts at 1000 Â. 
Phosphorous shows little enhancement, but this can 
be explained by its low abundance. 

c) The Absence of O vi in the Spectra of Super giants 
of Type B1 and Later 

In the corona-plus-cool-wind model the 0 + 5 ion is 
produced from 0+3 by the Auger mechanism. At 
temperatures somewhat below 30,000 K, the 0+3 

stage ceases to be the dominant stage of ionization. 
Thus one should expect a rather sharp decrease in the 
strength of O vi as one looks at supergiants of spectral 
type later than B0. 

We have carried out several of the detailed calcula- 
tions described in the previous section for a star with 
an effective temperature of 25,000 K. The results are 
shown in Figure 7, in which the abundance of N+4 

and 0+5 is plotted versus radius, for two values of the 
electron temperature, Te = 20,000 and 25,000 K, 
for two values for the volume emission measure, 
log EMC = 56.4 and 57.4, and for Tc = 5 x 106 K. 
The volume emission measure for the cool wind, using 
parameters appropriate for p Leo, calculated as before 

TABLE 6 
Resonance Lines Seen from High Stages of Ionization in OB Supergiants 

Star 
Teff 
(K) 

M Siv 
(10-6 M© yr“1) À1065 

Si iv 
A1400 

Civ 
A1550 

Pv 
A1120 

N v 
A1240 

O vi 
A1035 

Svi 
A940 

£ Pup, 04f  
a Cam, £ Ori, 09.5 la. 
c Ori, B0 la  

k Ori, B0.5 I.., 
P Leo, B1 lab.. 
0 Ara, B2 lb... 
o2 CMa, B3 la. 
y] CMa, B5 la. . 
ß Ori, B8 la  

42.000 
30.000 
24.800 
28.800 
26,400 
21.000 
18,000 
15,500 
13,300 
11,600 

7.0 
2.5 
4.3 

2.5 
1.0 

2.Ó 
0.4 
1.0 

* 
* 
* 

* 
(*) 

t 
t 
tt 

t 
(§) 
..4 

t 
t 
t 

n ...t 

* The line shows mass loss effects; P Cygni profile or displaced absorption, 
t This line is not expected in a cool radiative equilibrium wind, yet is seen. 
X Coolest star for which Auger enhancement is expected for the line. 
§ The line shows no mass loss effects. 
Note.—Three dots (...) indicate no information; ( ) indicates an uncertainty. 
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Fig. 7.—Shown are the relative abundances of N+4 and 0+5 versus radius in the wind of a supergiant with an effective tempera- 
ture of 25,000 K for two values for the coronal emission measure. The far-ultraviolet flux from the photosphere was assumed to be 
that of a blackbody at 25,000 K, and the coronal flux was assumed to be that of a gas at rc = 5 x 106 K as shown in Fig. 1. The 
attenuation and diffuse radiation field of the optically thick wind were accounted for. Results are shown for wind electron tempera- 
tures of 2 x 104 and 2.5 x 104 K. The x is an indication of the abundance of these ions at 2 R* that is required to produce 
significant absorption in the wind. 

for £ Pup using v0 = (1/20)pi, is logEM^ = 1058. 
Thus for either of the two parts of Figure 7, the thin 
corona restriction that EMC « EM^ is satisfied. In 
Figure lb, abundances as large as 10"4 are achieved 
if the electron temperature in the wind is 25,000 K. 
One could expect an observable amount of O vi with 
a somewhat lower electron temperature by further 
increasing the coronal emission measure, or by 
increasing the coronal temperature. 

We therefore conclude that the O + 5 could be present 
in winds only with effective temperatures greater than 
25,000 K. 

The reason we first carried out this more detailed 
analysis was to try to understand the report by Lamers 
and Snow (1978) that both O vi and N v are in the 
spectrum of p Leo (B1 lab), with Teii = 21,000 K. 
Due to its low effective temperature there should be 
negligible 0 + 3 in the wind of this star, and hence 0 + 5 

could not be produced by the Auger mechanism. 
More recently, Morton (1978) critically analyzed high- 
resolution Copernicus scans of p Leo and concluded 
that O vi was not present. Thus the corona-plus-cool- 
wind model successfully explains all the ionization 
anomalies in Of and OB supergiants from 04 to B8, 
as listed in Table 6. 

V. SUMMARY 

We have derived the ionization conditions expected 
in a cool wind of £ Pup that is subjected to hard 
radiation from a coronal zone. We have found that 
the required degree of ionization of O vi can be 
produced even when the opacity of the stellar wind is 
accounted for. Therefore it is not necessary for the 

hot gas to be distributed in extended filaments as 
suggested by Natta et al. (1975). The emergent X-ray 
flux has also been calculated and found to lie near but 
below the upper limits of the ANS satellite. Observa- 
tions from the HE AO B satellite should be able to 
detect the X-rays expected to be emergent from £ Pup, 
and thus prove or disprove the correctness of the 
corona-plus-cool-wind model. 

To see if the corona-plus-cool-wind model could 
explain other ionization anomalies, we developed a 
simplified analysis of the Auger ionization process and 
applied it to B supergiants. The Auger ionizations 
tend to produce anomalously large abundances of ions 
that are two stages higher than the dominant stage(s). 
We estimated the expected dominant stages as a 
function of the effective temperature of B supergiants 
and predicted temperature ranges over which various 
resonance lines should be “anomalously” strong. The 
results explain very well the persistence to low effective 
temperatures of the strong lines of O vi, N v, C iv, 
and Si iv. 
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John Castor, Henny Lamers, and Nino Panagia. We 
also wish to thank Anne Underhill and Lowell Doherty 
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