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ABSTRACT 
The presence of O vi, N v, and Si iv ions in the expanding envelopes of early-type stars is 

correlated with their location in the Hertzsprung-Russell diagram. The O vi and N v lines are 
observed in the region to the left of the dividing line from (log Teîî, Mbol) = (4.50, —6.0) to 
(4.20, —9.0). The Si iv lines are observed in nearly all stars which show mass-loss effects, i.e., 
Affcoi ^ —6.0. The estimated ionization fractions of these ions in the envelopes were compared 
with calculations, assuming the temperature of the envelope is Tenv = 0.80reff and that the 
radiative ionizations are due to the diluted photospheric flux. The observed degree of ionization 
is much higher than can be accounted for by radiative ionizations, thus indicating that the 
envelopes are hot. The stars which have O vi and N v lines must have a Tenw ä4±2x 105K 
and the stars which have Si iv lines but no O vi or N v lines must have Te?v £ 7 ± 3 x 104 K. 
Some alternative possibilities to explain the high degree of ionization are discussed and rejected. 
The consequences of the hot envelopes for the four stellar wind models are discussed. 
Subject headings: stars : circumstellar shells — stars : early-type — stars : mass loss — 

stars : winds 

I. INTRODUCTION 

Since the first rocket observations of ultraviolet 
stellar spectra by Morton (1967) indicated conclusively 
that early-type supergiants are ejecting mass at a rate 
of about 10-5 to 10_65Hoyr“1 with velocities up to 
about 2000 to 3000 km s“1 (see Hack 1969 for earlier 
work), various attempts have been made to explain 
the mechanism of mass loss. The first model was 
proposed by Lucy and Solomon (1970), who sug- 
gested that the stellar wind is produced by radiation 
pressure due to the UV resonance lines of abundant 
ions. The rate of mass loss is determined by the re- 
quired smooth transition from sub- to supersonic 
velocities at a critical point where the effective gravity 
vanishes. The rate at which mass can be ejected is of 
the order of 

mxNLc-2, 

where is the mass-loss rate (in g s-1), L is the stellar 
luminosity (in ergss“1), c is the speed of light (in 
cms_1), and Af is the effective number of strong 
resonance lines available. The observed rate of mass 
loss of the Orion supergiants corresponds to a value 
of A # 102. As Lucy and Solomon’s model assumes 
TV æ 1 or 2, their theory predicts far too low a rate 
of mass loss. 

To overcome this problem Castor, Abbott, and 
Klein (1975) included the effect of many hypothetical 
C in lines from excited levels, and found a conse- 
quently much larger mass-loss rate. Later, Castor, 

Abbott, and Klein (1976) rejected the presence of these 
lines and introduced the effect of resonance lines in 
the far-UV below the Lyman limit (see also Lucy 
1975). This was done independently by Lamers and 
Morton (1976) on the basis of their analysis of £ Pup. 
Lucy and Solomon and Castor et al. make the basic 
assumption that the temperature of the outflowing 
envelope is determined by radiative equilibrium and 
thus is approximately equal to the effective tempera- 
ture of the star. We will refer to these models as the 
cool radiation pressure model. 

A completely different model for mass loss was 
proposed by Hearn (19756). He assumed that the 
principal cause of the stellar wind is the same as that 
of the solar wind, namely, the presence of a hot corona 
which cannot be retained by the stellar gravity. The 
mass-loss rate is determined in analogy to the Sun by 
the requirement that at a certain height the flow 
velocity be equal to both the escape velocity and the 
sound velocity. In order to explain the observed mass- 
loss rates, Hearn had to assume a coronal temperature 
of at least 3.5 x 106 K for the Orion supergiants. 
The final acceleration in this model is also due to 
radiation pressure in UV resonance lines in the outer 
corona. Because of the large radiative losses from 
the high-density corona, cooling is very rapid in its 
outer regions. We will refer to this model as the 
coronal model. 

In the coronal model and in the cool radiation 
pressure model, the mass-loss rate is determined by 
imposing the boundary condition that the flow should 
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be “perfect,” i.e., the velocity should increase smoothly 
from subsonic to supersonic through the “critical 
point” of the momentum equation. However, Thomas 
(1973) and Cannon and Thomas (1977) have argued 
that in reality the flow will not be “perfect,” and that 
the resulting shocks will create a chromosphere in the 
region where the flow velocity becomes sonic. In this 
model the heating occurs very low in the envelope. 
We will call this the imperfect flow model 

Rogerson and Lamers (1975) proposed a model, 
based on the observations of the UV spectra of r Sco 
(BO V), in which heating and radiation pressure both 
play an essential role. Owing to the dissipation of 
mechanical energy, the temperature in the outer 
atmosphere increases outward. The high temperature 
gives rise to the presence of highly ionized atoms like 
O vi, S vi, and N v which have resonance lines in the 
UV Balmer continuum but no photospheric counter- 
parts. Therefore these ions absorb a strong UV con- 
tinuum flux and produce a large radiation pressure. 
The resulting acceleration to supersonic velocities 
prevents further heating, so the outflowing envelope 
will be warm, with T ^ 105 K. We will refer to this 
as the warm radiation pressure model 

In this paper we will study the observational evidence 
for the presence and absence of warm or hot expanding 
envelopes and their location in the temperature-lumi- 
nosity diagram. We will use the ionization balance in 
the envelope as an indicator of temperature. 

II. OBSERVATIONAL DATA 

Many of the stars included in the present study are 
described in the survey of mass-loss effects by Snow 
and Morton (1976), where tables are presented showing 
basic data on the stars as well as observed charac- 
teristics of the P Cygni profiles. 

Additional stars, especially Be and shell stars and 
others near the lower luminosity limit for observed 
mass loss to occur (about Mbol = —6.0; Snow and 
Morton), have been observed and are also included 
in the present study. Table 1 lists these new objects, 
and gives other information such as observation date, 
spectral class, absolute visual magnitude Mv, the effec- 
tive temperature (log reff), the absolute bolometric 
magnitude Mbol, the projected rotational velocity 
v sin /, and brief remarks concerning the presence or 
absence of mass-loss effects. For most of these stars 
only the Si iv doublet (1393.755, 1402.770 Â) was ob- 
served, since Snow and Marlborough (1976) found 
this feature to be the most sensitive stellar wind 
indicator available to Copernicus for early to mid-B 
stars. 

The spectral types, absolute visual magnitudes, and 
absolute bolometric magnitudes in Table 1 are taken 
primarily from the compilations of Lesh (1968, 1972), 
using intrinsic colors from Johnson (1966). For one 
star not included in these compilations (ß Tau), the 
spectral type from Slettebak et al (1975) was adopted, 
and the other stellar parameters were taken from stars 
of identical spectral type in Lesh’s work. For rj Ori 
(BO.5 Vnn), the absolute visual magnitude adopted 

by Lesh seems unreasonably bright, possibly owing 
to misassignment of this star to a background associa- 
tion, and values of Mv and hence Mbol for other 
B0.5 V stars were adopted instead. 

All of the effective temperatures in Table 1 were 
taken from the empirical scale of Code et al (1976), 
again using the intrinsic colors adopted by Johnson 
(1966). For two stars, y Ori and y Crv, empirical 
effective temperatures and bolometric corrections 
were taken from Code et al (1976); these quantities 
are underlined in the table. 

The values of v sin i which are listed in Table 1 are 
taken from the catalog of Uesugi and Fukuda (1970). 
It was decided not to use the new calibration of 
Slettebak et al (1975) because several of the stars 
from Table 1 are not included in that compilation, 
whereas all of them are in Uesugi and Fukuda. For 
the present discussion and that of Snow, Lamers, and 
Marlborough (1978), it is important to properly rank 
the stars in order of projected rotational velocity, 
even if the absolute calibration of the v sin i scale is 
inaccurate. Comparisons of the data in Uesugi and 
Fukuda and those in Slettebak et al show that this 
goal is being achieved. 

The remarks in the final column of Table 1 are used 
primarily to indicate whether Si iv is present in the 
spectrum, and if it is, whether it is photospheric or is 
formed in a stellar wind. The chief means of distinc- 
tion between photospheric and circumstellar Si iv is 
the presence or absence of extended short-wavelength 
wings, or, in more extreme cases, a shortward shift 
of the line centers. In the spectra of some B dwarfs 
of class B3 or later, shifted Si iv is present, while a 
photospheric component is clearly absent. According 
to Kamp (1975), the total equivalent width of the 
1393.755 and 1402.770 Â lines is less than 2Â for 
dwarfs with Teîî < 20,000 K, corresponding to a 
B2.5 V classification. This seems consistent with the 
Copernicus data, which show that photospheric Si iv 
is either very weak or absent in class IV and V stars 
of this type or cooler. Shifted Si iv absorption is seen 
in stars as late as B5 V, however. 

The remarks also indicate whether photomultiplier 
U1 (resolution 0.05 Â) or U2 (0.2 Â) was used in 
making the scans. The spectrometer is described by 
Rogerson, Spitzer et al (1973). 

The stellar winds and other characteristics of Be 
star ultraviolet spectra will be discussed more fully 
in later papers by Marlborough (1977) and Snow, 
Peters, and Mathieu (1978). In this paper the primary 
concern is for the distribution of warm stellar winds 
in the H-R diagram, although some discussion of Be 
stars is included (§ V). 

Figure 1 shows in the temperature-luminosity dia- 
gram where stars exhibiting shifted lines from O vi 
(Fig. la), N v (16), and Si iv (1c) are located. In these 
diagrams only stars which show mass loss are in- 
cluded; reference to Table 1 and to Snow and Morton 
(1976) shows the distribution of stars examined which 
are not seen to be ejecting material. In Figure 1 open 
and filled circles represent the absence or presence 
of each ion, respectively, and horizontal bars through 
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EXPANDING ENVELOPES OF O AND B STARS 507 

Fig. 1.—The location in the temperature-luminosity diagram of the stars which have O vi, N v, or Si iv ions in their envelopes. 
Filled symbols, those stars where the lines of these ions are present or probably present. Open symbols, those stars where the lines 
are absent or probably absent. The hatched area shows the location of the stars for which one would expect to observe the lines 
if the envelopes were cool (T # 0.87^). 

the symbols indicate known Be or shell stars. The 
zero-age main sequence adopted by Snow and Morton 
is shown in each diagram. 

Snow and Morton found that observational evi- 
dence for mass loss generally occurs for stars brighter 
than Mboi = —6.0, and is usually absent below that 
luminosity. Figure 1 demonstrates that some stars 
fainter than Mbol = —6.0 do show P Cygni profiles. 
Most of these objects are Be or shell stars which were 
excluded by Snow and Morton. The addition of these 
stars along with the use of U1 in several cases has 
revealed shifted or asymmetric Si iv À1400 features 
in stars as faint as Mbol = —3.61 (i/r Per). 

One star brighter than Mbol = —6.0, 3 Sco, was 
found by Snow and Morton not to show mass loss 
in the U2 data available to them. New U1 scans of 
the Si iv doublet reveal extended short-wavelength 
wings of these features, establishing that mass ejec- 
tion is occurring in 3 Sco, although the maximum 
observed outward velocity, about 420 km s_1, is less 
than the escape velocity at the surface of the star. 

HI. THE PREDICTED IONIZATION BALANCE 

The presence of the observed ions in the envelopes 
can be related to the physical conditions in the en- 
velope. Therefore we calculated the ionization balance 
in the envelopes for two different models: {a) the 
envelope is cool (Te æ O-BOTeff) and optically thin; 
(b) the envelope is hot (Te > TQi¿) and optically thin. 
We will show in § V that the optically thin approxima- 
tion is justified. 

d) Ionization in a Cool Envelope 

In a cool envelope, where Te æ 7^, the ionization 
balance is mainly determined by radiative processes. 

We calculated the ionization fractions in the envelope 
taking into account radiative ionization, collisional 
ionization, direct recombination, and dielectronic re- 
combination. As the collisional ionizations and the 
dielectronic recombination coefficients are tempera- 
ture-dependent, we adopted an electron temperature 
of Te = 0.8reff. The atomic data are the same as 
used by Lamers and Morton (1976). The recombina- 
tion coefficients are from Aldrovandi and Péquignot 
(1973) and their corrections (1976). At electron densi- 
ties of the order of 109 to 1011 cm-3, the dielectronic 
recombination is reduced to about 20% or 407o of the 
values given by Aldrovandi and Péquignot (Jordan 
1969). Therefore we calculated the ionization equi- 
librium with and without dielectronic recombination. 

The mean intensity of the radiation was expressed 
in terms of the stellar photospheric flux Fv* and a 
geometrical dilution factor W(r) 

Jv(r)=W{r)F*. (1) 

The photospheric flux distribution was taken from the 
line-blanketed models of Kurucz, Peytremann, and 
Avrett (1974). Since the ionization rate is propor- 
tional to Wand the recombination rate is proportional 
to the electron density ne, the ratio of two successive 
ionization stages ni + 1/ni will be proportional to Wlne. 
In Figures 2a, b, c we show the fraction of the 
observed ions (i) relative to the total number of par- 
ticles of that element {t), for a series of model atmos- 
pheres at three values of neJW = 109, 1010, 1011 cm-3. 
(For characteristic values in the envelopes oîne £ 109 

and W æ 0.1, i.e., r/Æ* ^ 3, the value of «e/IF £ 1010 

should be more or less characteristic; seè § V.) Since 
any ratio «í + i/«í is proportional to W¡ne, the ratio 
ni + mlni is proportional to (Wlne)

m; therefore, if ^ is 
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508 LAMERS AND SNOW Vol. 219 

Fig 2—The predicted ionization fractions of the Si iv, N v, and O vi ions in cool envelopes around early-type stars. The 
ionization is in radiative equilibrium with the diluted photospheric flux. The ordinate gives the effective temperature of the adopted 
line-blanketed model atmosphere with log#- = 4.5. Solid line, nellV — 109 cm 3; dashed line, ne!W = 1010 cm ; dotted line, 
nel W = 1011 cm-3. 

the dominant stage of ionization, Hi/nt is nearly in- 
sensitive to W/ne, but ni+mlnt is proportional to 

The curves in Figure 2 were calculated with- 
out dielectronic recombination and with Fv* from 
models of log g = 4.5. We also calculated the ioniza- 
tion for lower-gravity models, but the difference with 
data in Figure 2 was always less than A log rii/nt < 
0.2. Therefore we can adopt Figure 2 for all luminosity 
classes. Notice that we expect «(O vi)/w(0) < 10“5 for 
models with = 50,000 K and < 10“10 for models 
with Teff > 45,000 K. If dielectronic recombination 
had been taken into account, the ascending branches 
in Figure 2 would have been lower by about 0.5 to 
1 dex. 

b) Collisional Ionization in an 
Optically Thin Hot Envelope 

If the temperature in the envelope is higher than 
Teffj the ionization balance will shift to higher stages 
of ionization when the collisional ionization rate 
dominates the radiative ionization rate. Summers 
(1974tf, b) calculated ionization factors for various 
values of ne and a large range of electron tempera- 
tures. We adopt his values for ne ^ 109 cm“3 which 
is about a typical density in the envelopes (§V, 
Table 3). In any case, if the collisional ionizations 
are more important than the radiative ionizations, 
the fractions n^nt are nearly independent of ne, since 
the ionization rates and the recombination rates are 
both proportional to ne. In Table 2 are listed the elec- 
tron temperature Tm^ where the ionization fraction 
of the ions reaches its maximum value {nijn^^. We 
also indicate the lower and upper temperatures Ti and 
Tu for values of n^nt = 10“2 and 10“4. We also in- 
clude the data for He ii from House (1964). 

IV. COMPARISON BETWEEN PREDICTED AND 
OBSERVED IONIZATION BALANCE 

The result of the calculated ionization balance is 
shown in Figure 1, where the hatched areas indicate 
the regions in the temperature-luminosity diagram 
where one might expect to find the three ions if the 
envelopes were cool. This region was derived from 
Figure 2 and defined by n^nt > 10“4 if ne¡W > 1010 

cm“3. 
It is clear that the region where the ions are actually 

observed extends to much lower temperatures than 
predicted. For instance, the cool boundary of the 
region where O vi and N v lines were observed in the 
envelopes occurs for stars of types as late as B1 lb 
(Teîî = 20,000 K) where the predictions for a cool 
envelope result in n(0 vi)/n(0) < 10“10 and 
h(N v)/fl(N) < 10"10. Similarly, the cool boundary 

TABLE 2 
The Predicted Ionization Balance in a 

Hot Envelope 

mini = 10"4 mint = 10 2 

Ion log rmax log Tt log Tu log 71 log Tu 

Hen... 4.65 4.20 
C in.... 4.90 4.25 
C iv.... 5.05 4.65 
N hi  4.90 4.30 
N iv  5.20 4.65 
Nv.... 5.30 4.95 
O iv.... 5.25 4.70 
Ov  5.45 5.00 
Ovi.... 5.50 5.15 
Si in.... 4.70 4.05 
Si iv.... 4.90 4.45 

5.70 4.30 5.15 
5.45 4.40 5.20 
6.20 4.80 5.40 
5.55 4.45 5.35 
5.85 4.90 5.50 
6.45 5.05 5.70 
5.85 4.85 5.60 
6.20 5.15 5.70 
6.70 5.30 6.00 
5.45 4.20 5.05 
6.05 4.65 4.60 
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of the region where the Si iv lines are observed in the 
envelopes occurs in stars of types as late as B8 la 
(reff ^ 12,000 K) where the predicted ratio of 
«(Si iv)//z(Si) < 10-10. As noted in §11, Si iv lines 
are seen in the envelopes of some main-sequence 
stars which are too cool to have any Si iv even in 
their photospheres. 

Therefore the conclusion that the ionization balance 
is not dominated by radiative processes seems unavoid- 
able. The high degree of ionization points to the pres- 
ence of a high-temperature envelope rather than a cool 
one. 

To estimate the temperature in the envelopes of the 
stars, we use the data from Summers’s calculations 
as summarized in Table 2. We can distinguish three 
regions in the H-R diagram, where we can approxi- 
mately indicate the temperature. 

In the region log 7^ >4.5 the stars which show 
O vi also have N v. In only one of them (£ Pup, 04f) 
was the Si iv region scanned and the lines are strongly 
present. If we adopt as a criterion for the presence 
of lines that njnt > 10"2, the stars in this region must 
have envelopes with 5.30 < log T < 5.70. This agrees 
with the temperature derived for £ Pup from a de- 
tailed study of the envelope by Lamers and Morton 
(1976), who found log T = 5.28. We assign an average 
temperature of 4 ± 2 x 105 K to this region. 

The stars with log Teff <4.3 have Si iv in their 
envelopes but no O vi or N v, and consequently the 
temperature is probably on the order of 7 ± 3 x 104 

K. Toward high temperatures this region extends to 
Mbol = -6 and log reff = 4.5. 

In the region in between, from log Teii < 4.5 to 
the boundary, Mbol = — 6, and log Teff > 4.5 to 
Mbol = — 8 and log Teii = 4.3, all stars except S Sco 
have N v lines. Most of the stars in this region, 11 
out of 16, have O vi lines. All of them except /x Col 
and £ Oph have Si iv lines showing mass-loss eifects. 
The temperature of the envelopes in this region is 
probably of the order of 2 ± 1 x 105 K. 

The three regions and their approximate tempera- 
tures are plotted in Figure 3. 

V. STUDIES OF INDIVIDUAL STARS 

In the previous section we showed that the presence 
of O vi and N v ions in the envelopes of early B and O 
supergiants and the presence of Si iv ions in the 
envelopes of middle B and late B supergiants indicates 
a high temperature (T > 7eff) of the envelope. In this 
section we will study the ionization balance of a few 
stars in more detail. In particular, the optical depth 
of the envelope in the He n continuum will be esti- 
mated to demonstrate that the optically thin approxi- 
mations used in § IV are justified. 

a) Mass-Loss Rates and Electron Densities 

In Table 3 we listed the stars which were observed 
by the Copernicus satellite and for which the mass-loss 
rates have been determined by Barlow and Cohen 
(1977) from the infrared excess. The first six columns 
give the basic data, taken from Barlow and Cohen 

Fig. 3.—The three regions in the temperature-luminosity 
diagram which were studied. The derived approximate tem- 
peratures of the envelopes are indicated. 

except for £ Pup, where the data are taken from 
Lamers and Morton (1976). For the terminal velocity 
Poo of the Orion supergiants, we did not adopt the 
high value derived from the N v lines, since this may 
be due to some blending line (Snow and Morton 
1976). Instead we adopted the edge velocity derived 
from the other lines, given by Barlow and Cohen. 

The density in a spherically symmetric expanding 
envelope is given by the equation of mass continuity 

p(r) = 1.04 x 103ál(r/^)-2 

x (R%/Rq) ~ 2p(r) ~1 g cm - 3 , (2) 

where (in 2tt0yr_1) is the mass-loss rate, R* and 
Rq (in cm) are the stellar and solar radius, and v(r) 
(in cms-1) is the wind velocity. An approximate 
velocity law for the outer layers of the envelope, 
where v > 0.5vœ, can be derived. The radiative pres- 
sure force, which produces the acceleration to large 
velocities, decreases outward with the flux as r-2, so 

vdv/drf.y-2. (3) 

The solution of this equation, with the boundary 
conditions v = vœ at r = oo and v = O.SVoo at r = 
r0.5 implied, gives 

v(r) = 1^(1 - OJ5r0Jr)112 for 0.5 < v/v^ < 1 . 

(4) 

The studies of the Orion supergiants by Hutchings 
(1970, 1976) indicate that v = 0.5Poo is reached at 
r0.5 ^ 37*. Barlow and Cohen (1977) derived a 
velocity law for P Cygni and found r0.5 ^ 57*, while 
Lamers and Morton (1976) derived a value of r0.5 ^ 
27* for £ Pup. We adopt a mean value of r0.5 ^ 37*. 
The resulting electron density in the envelopes at a 
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distance r0.5 where v = 0.5^0, is given in column (7). 
A ratio of ne/p = 5.22 x 1023 g-1 was adopted. 

Columns (9) through (14) in Table 3 indicate stars 
in which the resonance lines of Si m, C m, Si iv, 
C iv, N v, and O vi (in order of increasing ionization 
potential of the preceding stage) are observed in the 
envelope. 

b) The Optical Depth of the Envelopes in 
the Ultraviolet Continuum 

The continuum optical depth of the envelope at a 
distance r from the stellar center is 

/» 00 r* co 
t(v) = J k(v) x p(r)dr = 2J °11') x n^r (5) 

where k(v) is the absorption coefficient cm-3, a^v) 
(in cm2) is the absorption cross section, and «j is 
the number density of the ions i. Combining equations 
(2) and (5) yields 

r(v) = 7.24 x lO^miRJRo)-1^) 

x J v(r)-1(r/Rit;)~
2d(rlRit:), (6) 

if we assume that the ionization equilibrium and k(v) 
do not change with distance from the star. 

We want to find r(v) in the layer of the envelope 
where the O vi, N v, and Si iv lines are formed. The 
absorption components of O vi, N v, and Si iv extend 
from = 0 to # i;«, in the spectra of those stars 
where they are observed (Snow and Morton 1976). 
Therefore we adopt v — O-Si;«, as the characteristic 
velocity, and the corresponding r0m5 = r(v = 0.5*;«O 
as the characteristic distance of the layers where the 
lines are formed. So the integration in equation (6) 
should go from r = r0.5 to r = oo. With the velocity 
law of equation (4) and assuming r0.5 = 37?*, the 
value of the integral in equation (6) is (2.25v00)~1. 
The values of t{v)Ik(v) at r0.5 are given in Table 3, 
column (8). 

The absorption coefficient k(v) contains contribu- 
tions from many ions 

/c(v) = 4.42 x 10232 tfiOO x («¿/«i) x Ai, (7) 

where n^nt is the ionization fraction and Ai is the 
abundance relative to hydrogen. The constant gives 
the number of hydrogen atoms per gram of stellar 
material. The abundances were taken from Withbroe 
(1971). 

Since we want to study the formation of the N v, 
O vi, and Si iv ions, we are especially interested in the 
optical depths at the ionization edges of N iv, O v, 
and Si hi. The cross sections are taken from the refer- 
ences listed by Aldrovandi and Péquignot (1973). The 
following ions were taken into account: He i, n; 
C ii-iv; N n-v; O m-v; Ne n; Si m. The following 
expressions were derived for the absorption coeffi- 
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cients K0 at the ionization edges of N iv, O v, and 
Si in. 

/c0(N iv) = 1.70 x 104(He n/He) 

+ 8.8 x lO^C iv/C) 

+ 4.0 x 101(N iv/N) 

+ 5.1 x 102(O iii/O) 

+ 3.9 x 102(O iv/O) , 

Kq(0 v) = 5.57 x 103(He n/He) 

+ 4.0 x lO^C iv/C) 

+ 1.8 x 101(N iv/N) 

+ 1.9 x 102(O m/O) 

+ 1.1 x 102(O iv/O) 

+ 2.4 x 102(O v/O), 

and 

/co(Sim) = 1.36 x 105(Hei/He) 

+ 4.2 x 102(C ii/C) 

+ 2.1 x 102(N n/N) 

+ 7.5 x 102(Si m/Si) . (8) 

Only the main contributors are included. 
All stars in Table 3 which have O vi and N v lines 

also show C in and C iv lines. The Si m lines are not 
observed in the two hottest stars. The spectrum of 
£ Pup also showed weak lines from excited levels of 
C in, N iv, O iv, and O v. Lamers and Morton con- 
cluded that an envelope temperature of log T = 
5.30 K is consistent with the observed ionization 
balance in £ Pup. As the same ions are observed in 
the other stars, we adopt this envelope temperature 
for all stars which show O vi and N v lines (see also 
§ IV). At 2 x 105 K, the dominant ionization stages 
are He m, C v, N iv, v, and vi, O m, iv, and v, and 
Si v. Using Summers’s (1974a, b) ionization fractions 
and equation (8), we find the opacities at the ioniza- 
tion edges of N iv and O v of k(N iv) = 3.9 x 102 

and k(0 v) = 1.7 x 102cm2g_1; the largest contri- 
butions due to O iv. At log Te = 5.0 they are about a 
factor of 2 larger, and at log T = 5.50 they are about 
a factor of 2 smaller. The resulting values of r at 
ro.s are given in columns (15) and (16) of Table 3. 
Except for £ Pup, the optical depths are between 0.6 
and 2.7, i.e., of the order of unity. The optical depths 
for £ Pup are about 10 times higher, due to its larger 
mass-loss rate. 

The supergiants of types B3 and later do not have 
N v and O vi ions in their envelopes, but they do 
show lines of Si iv originating in their envelopes. 
Underhill (1974) found components of C n, N n, 
and Mg n shifted up to about -230kms_1 (about 
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0.5t;oo) in the Copernicus spectrum of rj CMa. Lamers, 
Stalio, and Kondo (1978) found Mg n components 
up to — 250kms“1 (~0.5vœ) in the high-resolution 
balloon-borne ultraviolet stellar spectrograph (BUSS) 
spectrum of ß Ori. However, in both stars the envelope 
lines seem to be drastically variable, so it is dangerous 
to derive general conclusions for late B supergiants 
based on a few observations. 

The simultaneous presence of Mg n, Si in, and 
Si iv ions in an optically thin envelope requires a 
temperature in the range of 4.45 < logT < 5.20 if 
Hi/nt > 10 "4, but there is no range where the three 
ions reach ni/nt > 10“2 simultaneously. A tempera- 
ture as high as log Te = 4.90 is unlikely, however, 
since the N v lines are absent. The C iv lines, which 
could also give an indication of the temperature, are 
present in the spectrum of o2 CMa but probably 
absent in the spectrum of rj CMa. In the range of 
4.45 < log T < 4.90, silicon is mainly in the Si m 
stage (Si m/Si # 0.5). The optical depth at the Si m 
edge depends critically on the He i/He ratio. If 
He i/He ^ 0.5 (log T = 4.45) then /c0(Si m) # 7 x 
104 cm2 g“1 and the optical depth will be large: 
r(Si m) æ 1 x 103 for o2 CMa to 4 x 102 for ß Ori. 
If, on the other hand, He i/He ^ 10“3 (log T = 4.90), 
the optical depth will be considerably smaller: 
r(Si m) ä 8 for o2 CMa to 3 for ß Ori. 

c) Deviations from LTE in the 
Far-ultraviolet Continuum 

The optical depth of the envelopes at the ionization 
edges of O v, N iv, and Si in is of the order of unity. 
At such an optical depth very large deviations from 
LTE are to be expected for the radiation in the con- 
tinuum. The continuum approaches LTE (i.e., Jv ap- 
proaches i?v) for an optical depth of the order of 

rxe“1/2, (9) 

where 

ft 00 
e = «eQifc/47r (avBv/hv)dv (10) 

Jv0 

is the ratio of collisional to radiative ionization (e.g., 
Mihalas 1970, p. 227). An approximate expression for 
Qite has been given by Allen (1973, p. 42). The de- 
nominator can be estimated by assuming Kramers’s 
opacity law and the Wien distribution for the radia- 
tion. This yields 

€ = 6.2 x 10 “ 28nx “ O'o) " 1T~ 1,2ne, (11) 

where « is the number of optical electrons, x is the 
ionization energy in eV, and a(v0) is the absorption 
coefficient at the ionization edge. For ions of interest 
O v, N iv, and Si m we find that e ^ 10“9 to 10“11 if 
ne ^ 109 cm“3 (Table 3) and T ^ 104 to 105 K. For 
such small values of e and r of the order of unity, 
the continuum will deviate very strongly from LTE 
(eq. [9]). Consequently, the assumption of an opti- 
cally thin envelope in the calculation of the ionization 

balance is justified, except possibly for the late B 
stars, if the He i/He ratio is larger than 10“3 in their 
envelopes. 

VI. DISCUSSION AND CONCLUSIONS 

a) Discussion 

We have collected data on the presence of O vi, 
N v, and Si iv lines in the expanding envelopes of 
early-type stars from the catalogue of Snow and 
Morton (1976), extended with recently available 
Copernicus spectra, listed in Table 1. In order to derive 
criteria for the electron temperature in the envelope, 
Tenvj we compare these data with predicted ioniza- 
tions for two different situations: {a) radiative and 
collisional ionizations in a cool optically thin en- 
velope where Tenv = 0.80reff, with radiative fluxes 
predicted for line-blanketed models; (6) collisional 
ionizations in a hot optically thin envelope for a range 
of 104 < Tenv < 107 K. 

In case {d) the ionization balance depends on ne¡W, 
for which we adopted a range of 109 < ne¡W < 1011 

cm"3, based on detailed studies of the expanding 
envelopes of a few stars. In case {tí) the ionization 
balance depends only very weakly on we, since both 
the ionization and recombination rates are approxi- 
mately proportional to ne (Summers 1974a, b). 

In the above calculations we have explicitly as- 
sumed that the high degree of ionization in the 
envelopes is not a result of an equilibrium which is 
frozen-in. This is a valid assumption if the recombina- 
tion time scales are short, compared with the expan- 
sion time scale. The recombination time scale, tTeCi 
can be defined as 

¿roc = ln («i + l/«i)/^]reo_1 = (««e)
_1 , (12) 

where a is the recombination coefficient. 
We find that for stars of types B1 and earlier in 

Table 3 treG (O vi/O v) < 520 s and treG (N v/N iv) < 
300 s. In such a short time the flow travels less than 
0.1R*. Similarly, we found that for stars of types B3 
and later tTGG (Si iv/Si m) < 3000 s, which also corre- 
sponds to a flow distance less than 0.1R*. So the 
recombination times are short compared with the 
expansion time. 

From a comparison of the observations and predic- 
tions we can eliminate the first model, {a). We found 
that N, O, and Si are ionized to higher stages than 
expected on basis of the photospheric flux, if the 
envelopes are cool and optically thin for UV radia- 
tion. (6) The simultaneous presence of high (N v 
and O vi) and low (Si iv and C in) ionization stages 
in the envelopes of types B1 and earlier can be ex- 
plained by assuming an optically thin envelope with a 
temperature of about 2-4 x 105 K. The optically thin 
approximation is justified, since the optical depth of 
the envelopes in the layers where the lines are formed 
is of the order of unity at the ionization edges of O v 
and N iv (§V7>), whereas an optical depth of the 
order of 105 would be required for LTE (§Vc). 
(c) The envelopes around late B supergiants are 
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considerably cooler, since the N v lines and probably 
also the C iv lines are absent. The ionization balance 
can be explained by assuming an optically thin en- 
velope with a temperature 4.45 < log T < 4.90. 
However, the optically thin approximation is only 
justified if the He i/He ratio is smaller than about 
10"3. Moreover, these stars have variable envelope 
lines, which makes the result uncertain. If the Si m 
continuum were in LTE, a temperature of 1 • 104 < 
T < 2 • 104 K would be required to explain the presence 
of Si iv lines. 

The boundary between the stars with envelopes of 
about 2-4 x 105 K and those with lower tempera- 
tures occurs for supergiants between B1 and B5. The 
star o2 CMa (B3 la) may be an intermediate star, as 
it shows envelope lines of C iv but no N v lines 
(Table 3). The data in Figure \b suggest that this 
boundary shifts to earlier spectral types with de- 
creasing luminosities, reaching the main sequence at 
log 7;ff ^ 4.5 (type BO). 

Figure 3 shows the location of the regions in the 
luminosity-temperature diagram where the envelopes 
are warm and cool, and the possible intermediate 
region. In this respect it is interesting to note that 
Rosendhal (1973) found an abrupt change in the 
velocity gradient luminosity relationship between the 
supergiants of types B3 and B8. He suggested that 
the driving mechanism for mass loss may change in 
this range. 

As the envelopes of O and early B supergiants and 
possibly also of late B supergiants are hotter than the 
photospheres, the problem of the energy balance 
arises. The most plausible solution is to assume that 
the envelope is heated by dissipation of mechanical 
energy which could be generated either in the photo- 
sphere or in the envelope as a result of instabilities 
in the flow. From the theoretical point of view, 
Hearn (1972, 1973) has predicted a mechanical flux 
in the photospheres by radiation-driven sound waves. 
Spiegel (1976) has reviewed a larger class of in- 
stabilities in the presence of a strong radiation field. 
From the observational point of view, Lamers and 
De Loore (1976) have pointed out that the observed 
turbulence in supergiants, if interpreted in terms of 
sound waves, would represent a substantial mechanical 
flux. 

Four models for the stellar winds were mentioned 
in § 1. The high temperatures in the envelopes of O 
and early B stars are in disagreement with the cool 
radiation pressure model. The temperatures of the 
envelopes are too low compared with the predictions 
of the coronal model, unless the temperature of the 
corona decreases very rapidly outward and the ob- 
served ions are located in the cooler region above the 
thin, hot corona. This last possibility, however, would 
put severe restrictions to the extent of the hot region, 
as does the observed upper limit of the soft X-ray 
flux of £ Pup (Mewe et al. 1975). 

The observations are in agreement with the warm 
radiation pressure model, which predicts temperatures 
of the order of 105 K to produce N v and O vi ions 
in the envelope. It also agrees with the imperfect 

flow model, which predicts that any star with an ap- 
preciable mass-loss rate has a chromosphere. The dif- 
ference between these last two models is the origin 
of the wind: in the warm radiation pressure model the 
wind is a result of the radiation pressure force, which 
is increased by the heating; in the imperfect flow 
model the wind is produced by an imposed outward 
velocity in the subatmospheric regions, and the heat- 
ing is due to shocks in the trans-sonic region. To dis- 
tinguish these models observationally will require 
quantitative theoretical models that can be compared 
with the observational models. 

Additional evidence for these last two models can 
be found from the study of mass loss from rapidly 
rotating stars. Figure 1 shows that below Mbol = 
— 6.0, nearly every class IV and V star which has a 
warm wind containing Si iv is a Be or shell star, i.e., 
a rapidly rotating star. Hence it seems that the pres- 
ence of an extended atmosphere giving rise to emis- 
sion or shell absorption lines is strongly linked to the 
presence of mechanical heating above the photo- 
sphere, which in turn plays a role in driving a stellar 
wind. The enhanced tendency for Be stars to have 
winds has already been pointed out by Snow and 
Marlborough (1976), and the possible relationship of 
stellar rotation to heating, mass loss, and Be star 
characteristics will be further discussed by Snow, 
Lamers, and Marlborough (1978). 

tí) Conclusions 

1. The spectrum of supergiants of type B1 and 
earlier and the main-sequence stars of types BO and 
earlier show absorption lines of C m, C iv, N v, 
O vi, and Si iv which are formed in the expanding 
envelopes. The spectrum of the supergiants of types 
B3 and later do not have N v and O vi lines, but they 
do show Si in and Si iv lines originating in the en- 
velope. Be and shell stars of types later than BO have 
shifted components of Si iv lines (Fig. 1). 

2. The ionization equilibrium in the envelopes of 
stars with N v and O vi lines can be explained if the 
envelope has a temperature of about 2-4 x 105 K. 
Such an envelope is optically thin in the He n con- 
tinuum (À < 228 Â). 

3. The ionization equilibrium in the envelopes of 
stars with Si m and Si iv lines, but without N v lines, 
can be explained if the envelope has a temperature of 
about 2.8-8.0 x 104 K and is optically thin in the He i 
continuum, or a temperature of 1-2 x 104 K and is 
optically thick in the He i continuum. 

4. The presence of an envelope which is hotter than 
the photosphere around stars of types B1 and earlier 
is not in agreement with the cool radiation pressure 
model, but it is indicative of the warm radiation pres- 
sure model and the imperfect model. 

We are indebted to Dr. N. Panagia for a lively and 
stimulating discussion concerning the optical depth of 
the envelopes, and to R. N. Thomas for many critical 
comments. An unknown referee is thanked for 
valuable suggestions. 
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