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Abstract. We discuss the evidence for the existence of bi-stable stellar winds of 
early type stars, both theoretically and observationally. The ratio between the ter
minal wind velocity and the escape velocity drops steeply from about 2.6 for stars 
with Teff > 21 000 K to about 1.3 at Teff < 21 000 K. This is the bi-stability jump, 
which is due to a change in the ionization of the wind and in the wind driving lines. 
The mass loss rate increases across the jump by about a factor 2 to 5 from the 
hotter to the cooler stars. The mass flux from rapidly rotating stars can also show 
the bi-stability jump at some lattitude between the pole and the equator, with a 
slow high density wind in the equatorial region and a faster low density wind from 
the poles. This might explain the disks of rapidly rotating B[e] stars, formed by the 
Rotation Induced Bi-stability mechanism. We discuss the RIB mechanism and its 
properties. We also describe some future improvements of the model. 

1 Introduction 

The concept of bi-stability of the winds of early type stars was first described 
by Pauldrach and Puis (1990, hereafter P&P) based on their calculations of 
the line driven wind of P Cygni. They showed that the wind of a star with 
Teff = 19 300 K can be either dense and slow if the wind is driven by lines 
in the Balmer continuum, or fast and less dense if the driving is due to lines 
in the Lyman continuum. The change occurs over a small range of Teg or 
gravity because the optical depth in the Lyman continuum is very sensitive 
to T and p in the wind near Teff~ 20 000 K. The change from the fast to the 
slow wind solution is called the bi-stability jump. Lamers et al. (1995) found 
in a study of the terminal velocities of stellar winds that the bi-stability jump 
also occurs for normal OB supergiants near about type Bl , where the ratio 
^oo/^esc drops steeply from about 2.6 for the hotter stars to 1.3 for the cooler 
stars. Lamers and Pauldrach (1991, hereafter L&P) showed that the same 
bi-stability may occur in the wind of a rapidly rotating early-B star between 
the hotter pole and the cooler equator. This will lead to a fast low density 
wind from the pole and a slow dense wind from the equator, i.e. a disk like 
structure. This mechanism is called the Rotation Induced Bi-stability or RIB. 
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2 The bi-stability of the winds of normal stars. 

Fig. la shows the ratio foo/^esc from Lamers et al. (1995) as a function of 
Teff for normal OB supergiants. There is a clear jump near Teg ~ 21 000 or 
spectral type Bl. (A similar jump in ^oo/^esc may be present near 10 000 K). 
Fig. lb shows the same data but now in terms of Woo versus vesc in different 
Teff-intervals. The jump coincides with a drastic change in the ionization of 
the wind: stars on the "hot side" of the jump have strong CIV and weak CII 
wind lines, and the situation is reversed for stars on the "cool side" of the 
jump (see Fig. 8 of Lamers et al. 1995). 

Fig. 1. Left: the observed ratio Voo/ vesc for supergiants as a function of Tes. Notice 
the jump near Teff ~ 21 000 K, and possibly also near Teff — 10 000 K. Right: the 
same data plotted as v<x> versus veSc (from Lamers et al., 1995). 

The bi-stability model predicts that the mass loss rate should also show a 
jump, with M increasing by about a factor 2 to 5 when v^ decreases (P&P 
and L&P). The counteracting behaviour of M and Voo indicate that the wind 
momentum loss Mv^ is approximately invariant across the bi-stability jump. 
This may be expected as the ratio between the radiative momentum loss, 
L/c, and the wind momentum loss hardly changes across the jump. It should 
be said that observational support for this statement is presently meagre, 
mainly because of the difficulty in deriving mass loss rates from UV lines 
with uncertain degrees of ionization. 

Vink et al. (1999) have calculated the mass loss rates as a function of 
Teff for stars with log L/LQ = 5.0, using de Koter's ISA-WIND and MC-WIND 

codes (de Koter et al. 1993 and 1997). The first program solves the statistical 
equilibrium and radiative transfer equations for extended atmospheres and 
winds, with H, He, C, N, O and Si in non-LTE. The mass loss rate M, and 
the velocity law, specified by f3 and t>oo, are input parameters. The second 
program calculates the total radiation pressure due to the continuum and 
lines, including about 105 of the strongest lines, mainly of the iron group 
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elements. The mass loss rate is found by requiring that the radiative mo
mentum input into the wind is equal to the wind momentum (see Abbott & 
Lucy, 1985 and Lucy & Abbott, 1993 for details). Fig. 2a shows the mass loss 
rates as a function of Te« for wind models with values of Uoo/^esc^ 2.6, 2.0 
and 1.3 respectively. From the observations we know that the ratio Woo/veSc 
decreases steeply from 2.6 to 1.3 near 21 000 K. Adopting these ratios we find 
the variation in mass loss rate as shown in Fig. 2b. This figure shows a steep 
increase in M of about a factor five between Tes= 26 000 and 20 000 K. This 
is due to a change in the driving lines in this temperature range (Vink et al. 
1999). 
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Fig. 2. Top: the predicted mass loss rates as function of Teg for a grid of models 
with three values of Vcx>/«esc. Bottom: the mass loss rate as a function of Tes, for 
winds with the observed ratio v0O/veSc=2.6 if Teff > 21 000 and 1.3 if TeS < 21 000 
K (from Vink et al., 1999). 
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3 Rotation-Induced Bi-stability 

P & P and L&P showed that line driven winds from early-B stars can change 
from low density and high velocity to high density and low velocity if the 
optical depth of the wind in the Lyman continuum becomes larger than about 
unity. The basic idea of the RIB model is tha t the same transition can occur 
in the wind of a rotat ing early B star between the pole and the equator. This 
is because the reduction of the effective gravity and Teff between the pole and 
the equator due to rotation enhances the optical depth in the wind from the 
pole to the equator. If the optical depth changes from a value smaller than 
unity at the pole, to a value larger than unity at the equator, the bi-stability 
jump will occur at some intermediate latitude. If this happens, the equatorial 
wind will be slow and dense, whereas the polar wind will be fast and tenuous. 
This is very similar to the observed characteristics of B stars with outflowing 
disks. An attractive feature of the RIB mechanism is tha t it is expected to 
work only for early B stars, because the models and the observations show 
tha t the bi-stability can occur around Teg about 20 000 K. (The exact value 
of Teff, where the bi-stability j ump occurs, depends on luminosity, gravity 
and rotational velocity.) 

Figure (3) illustrates the nature of the wind predicted by the RIB model 
for B[e] supergiants. This picture is quite similar to the empirical model of 
these stars derived by Zickgraf et al. (1986). 

THE ROTATION INDUCED BI-STABILITY MODEL 

stellar wind 

outflowing disk ^ ^ ^ ^ ^ | 

TL < 1 
large v „ 
low p 
high ionization 

^ ^ ^ ^ ^ V low 

Fig. 3. A schematic picture of a rapidly rotating B[e] supergiant formed by the 
bi-stability mechanism. The wind is optically thin, (TL < 1) in the polar regions, 
and so the wind there has a high velocity, high ionization state and low density. The 
wind is thick (TL > 3) in the equatorial region so the wind there has a low velocity, 
lower ionization, and a higher density. (Prom Lamers and Pauldrach, 1991) 
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Since the bi-stability depends on the optical depth of the wind in the 
Lyman continuum, we consider the various effects of stellar rotation on the 
wind parameters and optical depth, following L&P. 

The net surface gravity, gnet, is given as a function of the polar angle 6 
on the star by 

9^{e) = GMf{e-2
Fe\i-^^e) (i) 

with 6 = 0 and n at the poles and TT/2 at the equator and with UJ < 1 defined 
by 

w = ^ -Vro tV GM.(I - re) - ^V GM.{i - re)
 (2) 

We ignore the rotational distortion of the star, so R{9) = i?«. According to 
the von Zeipel theorem the radiative flux at the stellar surface is proportional 
to the local gravity, so 

T e f f 4 ( 0 ) ~ <7net(0)~ (1 - U,2 Sin2 9) (3) 

The changes in gravity and radiation temperature as a function of 8 affect 
the wind in several ways. 
(a) The wind speed in the radiation driven wind theory is proportional to 
the escape speed. Consequently, the wind speed at 0 is 

Voo(9) ~ Vesc(6) ~ V ^ f f n e t W ~ (1 - OJ2 SUl2 9)°* (4) 

So the wind speed decreases from the pole to the equator. 
(b) In the piecewise spherical model that we consider here, the mass flux 

of a radiation driven wind, Fm, depends on the local radiative flux, i.e. on 
Teff(d)i, and on the local effective gravity geff- From the mass loss calculations 
of Vink et al. (1999) for log L/LQ = 5.0 and for different masses and effective 
temperatures we find that in the range of 20 000 < Teff < 30 000 K the mass 
flux can be written as 

Fm ~ { T e f f ^ ) } 1 - 6 6 ^ - 2 ~ (1 - c2sin20)+°-5 (5) 

This means that the mass flux decreases slightly from the pole to the equator. 
(c) The Lyman continuum flux is very sensitive to the Teff. The brightness 

temperature in the Lyman continuum scales as TL ~ Teff
1,6 for early-B stars 

(Kurucz, 1979). The fraction of neutral H is inversely proportional to the 
photo-ionization rate Ri = 4ir J^{Jvlhu)avdu, which varies as Ri ~ T^7 

in the range of 15 000 < TL < 20 000 K, corresponding to about 20 000 < 
Teff < 25 000 K. So we find that the ionization rate of neutral H is 

i f c ~ r e f f
1 5 - 6 ~ ( l - w

2 s i n 2 0 ) 3 - 9 (6) 

(d) The optical depth in the Lyman continuum through the wind, TL, is 
proportional to the column density of neutral H. As this is determined by 
ionization and recombination, TL is proportional to p2a/R(, where a ~ T~05 
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is the recombination rate. Accounting for the dependence of the optical depth 
on both the ionization and recombination rate and on the column density, 
we find that the optical depth of the wind in the Lyman continuum varies 
with polar angle approximately as 

This relation implies that an early B star that is rotating will have a larger 
wind optical depth in the Lyman continuum in the equatorial region than 
near the polar region. The difference will be a factor of 16 for a star that is 
rotating with u> = 0.7 and a factor of 3 if u> = 0.5. 

In this estimate we have assumed that the velocity law v^/voo is con
stant for all polar angles. If the velocity law is slower (larger /3) for lower 
temperatures, as suggested by the study of velocity laws of B-stars (Rivinius 
et al. 1997), the optical depth will depend even stronger on 6 than given by 
eq. (7). 

P&P and L&P have shown that the bi-stability jump occurs when the 
optical depth of the wind in the Lyman continuum at a wavelength of 600 A 
reaches a value of T£ ~ 1 (see Fig. 1 of L&P), where TL is the optical depth 
of the wind from infinity to the sonic point. 

This implies that the half opening angle is given by the condition 

(1 - LJ2 sin2 6)~41 ~ l/rL(pole) (8) 

or 

0~arcs in j i [ l - ^ ( p o l e ) 1 / 4 - 1 ] " ' 5 j (9) 

Fig. 4 shows the half opening angle of the RIB-disk of a B-type supergiant 
of Teff=20 000 K, M» = 35MQ, L = 5 x 105L© as a function of w for different 
polar mass loss rates defined by Mpoie = 47ri?2Fm(pole). The polar optical 
depth of the wind in the Lyman continuum at 600 A is about 0.05 if Mpoie = 
2 x 10~6MQ yr_ 1 . This is a typical value for the polar mass loss rate of B[e] 
stars (Zickgraf et al., 1986). 

4 Conclusions and future work 

The RIB model uses the properties of rotating stars such as the von Zeipel 
theorem to show that the bi-stability jump of a rotating star may occur 
between the pole and the equator. This will lead to a high density and low 
velocity wind from the equator and a low density and high velocity wind from 
the pole. The density contrast is about a factor often. This contrast is similar 
to what is observed for the B[e] supergiants. So the RIB mechanism might 
explain the winds and disks of B[e] stars if the stars are rapidly rotating. An 
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Fig. 4. The half opening angle of the disk of a star with Teff=20 000 K, M = 35M©, 
L = 5 x 1 0 5 L Q as a function of a> for different polar mass loss rates: log(Mpoie) = 
-5.2 (upper curve), -5.4, -5.6, -5.8 and -6.0 (lower curve) respectively. The observed 
polar mass loss rate of B[e] stars is log(Mpoie) ~ —5.7. 

attractive feature of the RIB mechanism is tha t it is expected to work only 
for the early-B stars, which agrees with the spectral types of the B[e] stars! 

The mechanism described by L&P and in this paper is very descriptive 
and simplified. The major simplification is the piecewise spherical concept, 
where we use the information about the dependence of the mass flux on the 
local quantities Te${6) and geff(0) derived from the observations and theory 
of winds from normal, slowly rotating stars. We are presently studying the 
formation of disks by the RIB mechanism in a better approximation where the 
radiation pressure is calculated from the proper distribution of the radiation 
over the surface of the star (Pelupessy and Lamers, in preparation). 

The disks produced by the RIB mechanism are rather wide, with full open
ing angles on the order of 90 degrees or more. Possibly the wind compression 
effect (Bjorkman and Cassinelli, 1993 and Bjorkman, these proceedings) will 
compress the disks to smaller opening angles. The differences between the 
RIB and the Wind Compressed Disk model (WCD) are: 
(a) In the RIB model the disk is due to the higher equatorial mass flux, 
whereas in the WCD model the disk is due to the compression of the wind 
towards the equator. 
(b) The RIB model can give at most a factor of ten density contrast from 
equator to pole and works for B supergiants with high mass loss rates. The 
WCD model can produce a higher density contrast, by an orbital effect tha t 
is independent of mass loss rate. 
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The combination of the bi-stability mechanism and the WCD mechanism will 
result in even higher density contrasts: the bi-stability producing a higher 
mass flux from the equator, and the WCD effect concentrating the flow to
wards the equator. 

The formation of disks by the RIB mechanism depends on the stellar 
rotation. Maheswaran and Cassinelli (1994) have calculated the rotation his
tory of massive stars as a function of mass loss rate for different mass loss 
mechanisms. They have shown that if there is no significant increase in angu
lar velocity inward from the surface during the main sequence and the early 
supergiant phase, then the equatorial rotation rate will be extremely small 
before the star reaches the B[e] phase and the star will be an almost non-
rotator during all subsequent evolution phases. The existence of B[e] stars 
shows that this is not the case and the stars survive the main sequence phase 
and the early supergiant phases with sufficient angular momentum in the 
envelope. Hegel and Langer (see Langer, these proceedings) have shown that 
massive stars returning from the red supergiant phase by contraction will ro
tate almost rigidly, because of the short convection turn-over time. This will 
result in a speeding up of the star when it moves to the left. So we expect that 
a massive star can have a B[e] disk in two phases: the most rapidly rotating 
stars may immediately become B[e] stars when they evolve off the main se
quence. Mildly rotating stars can devellop a B[e] disk when they return from 
the RSG phase with a significantly smaller mass and angular momentum 
than during the first crossing. 
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Discussion 

M. Friedjung: What is the wind velocity? Taking S 22, which I studied some 
years ago, you see narrow, optically thick Fe n lines in the optical without P 
Cygni components. On the other hand, the Balmer lines have P Cygni com
ponents at about 100 km/s. This seems also to be the case for the optically 
much thicker UV Fe sc ii lines. If the disk is edge on, you must have a very 
slow non-classical wind in the plane of the disk. 

R. Ignace: Using the von Zeipel theorem, Owocki et al. indicated that M ~ 
geff, in contrast to g^'5 that you use. This will make TL((9) a less-sensitive 
function of latitude, and the disk opening angle may not be such a strong 
function of the rotation. 
S. Owocki: I agree. Henny seems to be overlooking the flux dependence of 
the mass-loss rate variation. This will work against the equatorial increase in 
density for the bi-stability jump. 

A. Maeder: Your bi-stability model predicts that there should be a discon
tinuity in the mass-loss rates (for slowly rotating stars) around 20000 K. Do 
we observe it? 
H. Lamers: This requires a mass-loss study of early B stars based on P 
Cygni profiles. It has not been done yet, probably because we do not know 
the ionisation structure of the winds of B supergiants. 

E. Verdugo: What does the jump between the B supergiants and the A 
supergiants mean? Is it real? 
H. Lamers: The figure showing ôo versus t>eff indeed suggests a second bi-
stability jump near 10000 K. However, this depends on the observations of 
only a few stars, with Teff ~ 10000 K. So at the moment we can say that 
^oo/^esc decreases as Teff decreases between B and A stars, but whether it 
does so discontinuously remains to be confirmed. 

G. Koenigsberger: If a star's wind is exactly at the bi-stability limit, can 
it flip from one state to another? 
H. Lamers: Yes. This was proposed for P Cygni by Pauldrach and Puis 
(1989). They suggest the following scenario: if the star is on the cool side of 
the bi-stability limit, the high mass loss rate will result in strong wind blan
keting. This will heat up the photosphere and move the star to the hot side of 
the bi-stability limit. The decreased mass-loss rate will then reduce the blan
keting, the atmosphere will cool and the star will cross the bi-stability jump 
again. They estimate the fluctuation time, i.e., the time to build up and de
stroy the blanketing layers, to be of the order of one month or so for P Cygni. 

K. Gayley: In the absence of bi-stability, the gravity darkening would in
crease the mass loss through the polar region. Are you saying that in spite 
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of that, bi-stability will reverse that effect? Will mass loss then peak at an 
intermediate angle where the transition occurs? 
H. Lamers: There are two opposing effect: (a) the increase of Tefr to the 
pole, which implies a higher flux (Fr a d ~ T4); and (b) the increase of geff 
towards the pole. The first effect results in an increase of the mass flux; the 
second in a decrease to the pole. If F m ~ gnetM - 3-1.5 F ^ ' 5 (as suggested 
by the models) then the two effects cancel because of the von Zeipel effect: 
Frad ~ T4 ~ g. Subtle effects may affect the M(@) dependance either way. 

Henny Lamers and Stan Owocki 
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