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RESUMEN

Estudiamos modelos de vientos radiativos con distorsién rotacional impulsa-
dos por lineas épticamente delgadas. Presentamos las ecuaciones bésicas y algunos
casos particulares se aplican a discos ecuatoriales de estrellas supergigantes Ble].
Los modelos toman en cuenta el pardmetro de viscosidad que simula efectos viscosos
en la ley de rotacién y se consideran algunos perfiles ad-hoc de temperatura. Las
velocidades de expansién observadas (V.zp & 100 km s~!) pueden ser reproducidas
si: (i) el nimero de lineas de impulsién es cercano al maximo que se admite a
partir de consideraciones de orden fisico o si (ii) existe un incremento de tempera-
tura en toda la envolvente. Las conclusiones sugieren que las fuerzas radiativas de
lineas delgadas pueden ejercer un papel significativo en la dindmica de los discos
de excrecidn en las supergigantes Ble].

ABSTRACT

Rotationally-distorted radiative wind models driven by optically thin lines
are examined. The basic equations are presented and some particular cases are
applied to Ble] supergiant equatorial disks. We have taken into account a vis-
cosity parameter, which simulates viscous effects in the rotational law, and we
considered some ad-hoc temperature profiles. Observational expansion velocities
(Vezp = 100 km s™') may be reproduced if: (i) the number of driving lines is near
the maximum admitted from physical considerations, or, (ii) there is a tempera-
ture increase throughout the envelope. These situations are discussed. We suggest
that thin line radiative forces may play a significant role in the dynamics of Ble]
excretion disks.
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1. INTRODUCTION have been given by Zickgraf (1989;1993). More re-
cently, it was shown that the Ble] phenomenon may
extend to lower luminosity objects (Gummersbach,
Zickgraf, & Wolf 1995).

In order to understand this hybrid spectrum, a
two-component wind model was proposed by Zick-
graf et al. (1986). Their empirical scenario con-
sists of a rotating central star surrounded by a non-
spherical circumstellar envelope. Roughly speaking,
the envelope would be symmetric with respect to
the rotation axis. According to this picture a high
velocity/low density wind, typical of OB stars, is
present in the polar region —where the UV lines
would be mostly formed. Near the equatorial plane
there would exist a much more dense and slow ex-

Ble] supergiants are massive and luminous stars.
Their optical spectra are dominated by Balmer emis-
sion lines which often display a P-Cygni type profile.
Narrow emission lines —permitted and forbidden—

of low excitation species (mainly Fe II) are also
usually seen.  These lines indicate low-velocity
(vesp & 100 km s71) and rather cool winds. On the
other hand, broad absorption lines (vezp = 1000-
1500 km s™!) of highly ionized elements are present
in the UV. In addition, they have a strong IR excess,
which requires the existence of an outer dust enve-
lope. Comprehensive reviews of their characteristics

! Present address: Universidade Federal do Rio de pansion, but with an important rotational velocity.
Janeiro, Instituto de Fisica, Caixa Postal 68528, 21945- The emission lines would be produced in this last re-
970 Rio de Janeiro, Brazil. , gion, sometimes referred to as the “excretion disk”.
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Such a scenario resembles qualitatively that accepted
nowadays for classical Be stars (e.g., Waters & Marl-
borough 1994) but formation of dust must occur in
the outskirts of Ble] disks.

The fast polar wind described above can be ex-
plained quite satisfactorily by “CAK-type” radiative
models (Castor, Abbott, & Klein 1975; Friend & Ab-
bott 1986; Pauldrach, Puls, & Kudritzki 1986). The
radiative force in such models is essentially due to
strong (optically thick) lines. Not only do they pro-
duce a high terminal velocity but also there is a rapid
increase to these velocities. The equatorial excretion
disk however, is characterized by a slowly increasing
outflow, which reaches velocities of the order of only
a ~ 100 km s~!. A latitude-dependent wind model
for Be and Ble] envelopes was developed by Aradjo,
Freitas Pacheco, & Petrini (1994). They have allowed
the relative contributions from optically thin and
thick lines to vary as a function of the star’s latitude.
Although they have obtained some encouraging re-
sults, numerical problems have prevented them from
obtaining solutions for the most interesting cases.
Chen & Marlborough (1994) have encountered anal-
ogous difficulties. More recently Aratjo (1995) has
obtained accurate solutions for an expansion driven
mainly by thin lines.

The goal of the present work is to explore the pos-
sibility of an outflow maintained by optically thin
lines as a tentative scenario for the equatorial disk
of Ble] supergiants. This assumption is discussed in
detail again in the paper. We have also included a
radiative force term due to electron scattering and a
centrifugal force term. Solutions of some cases reveal
an outflow with the desired properties, as it will be
discussed later. In § 2 the assumptions and equations
of our radiation model are described. A particular
case, which closely resembles the Parker model for
the solar wind, is analyzed in § 3. Application to
Ble] supergiant excretion disks is performed in § 4,
together with a first discussion of the results. Fi-
nally, in § 5, we summarize some conclusions and an
outlook on future developments is given.

2. THE MODEL: BASIC ASSUMPTIONS
AND EQUATIONS

We shall now revise the model definitions for the
sake of completeness (these points have already been
detailed in previous works, e.g., Aradjo 1995). A
complete hydrodynamical approach would require a
simultaneous solution of the equations of mass, mo-
mentum and energy conservation, together with an
equation of state. Mass and momentum conservation
are expressed in a vector formalism by

%;-%—V.(pf)):(), (1)

ov _
p<a+v.Vz}) +gradP+F+f=0. (2)

In the above equation p is the mean density, v is the
velocity field, P is the pressure, F' is the total body
force per unit volume and f is the boundary force
per unit volume acting on the fluid. In view of the
uncertainties in the heating and cooling processes,
we bypass the energy equation adopting a variation
of temperature throughout the envelope of the form

R\P
T =T () 3)
where (3 is an ad-hoc adjustable parameter. We as-
sume also an ideal gas equation of state

P=ad’p, (4)

where a is the isothermal sound speed.

Let us consider a spherical polar coordinate sys-
tem (r,0,$) with the center of the star at r = 0 and
with the equatorial plane at § = 7. The azimuthal
angle is measured in the same sense as star’s rotation.
By hypothesis, the envelope is in a steady state sit-
uation and axial symmetry is imposed. Concerning
the velocity field, Bjorkman & Cassinelli (1993) and .
Owocki, Cranmer, & Blondin (1994) and Owocki,
Cranmer, & Gayley (1996) have shown that merid-
ional flows may be relevant in the dynamics of the
envelopes of rotating B-type stars. As we are in-
terested in the physical conditions prevailing in the
excretion disk of Ble] supergiants we concentrate our
analysis to *he equatorial region. In such a case we
may conside " vg & 0, since § = 7 is a plane of sym-
metry.

The above assumptions yield to a direct integra-
tion of the mass conservation equation

& = r’pu,; (5)

where ® is the mass flux per unit of solid angle. The
radial component of the equation of motion will be

Ov, e

o T
19P GM(1-T) 1 4
par—F—T——;F—-O. (6)

The second term represents the centrifugal force and
the fourth one is the effective gravitational accelera-
tion (including the radiative force due to electronic
scattering). The last term is the radiative force due
to line opacity. The parameter I' is given by

oL
T 4nGMece’ (7)

In this expression o, is the electron opacity per unit
mass, L is the stellar luminosity and M is the mass
of the star. Other symbols have their usual meaning.

The equation for the azimuthal component re-
duces to

r
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6v¢ Vg Ur _
v + " =T, (8)

where f is an unknown viscous force per unit mass.
Since we still do not have a definite theory for turbu-
lent viscous forces on stellar atmospheres, we adopt
as a solution of above equation
R\®
v¢(r)—_—V( ),—1§5§1; (9)
where V' is the photospheric equatorial velocity (R is
the stellar radius) and ¢ is an empirical viscosity pa-
rameter. § = —1 corresponds to solid body rotation
while § = 1 indicates conservation of specific angu-
lar momentum per unit mass. Equation (9) may be
rewritten as follows

GM(1—-T)\% /R\®
vo(r) = x(T——1) (%) s o
X is the ratio between the centrifugal acceleration
and the effective gravity.

Let us examine now the radiative force on lines
F!, which appears in equation (6). Following Friend
& Abbott (1986) it may be expressed as

E oL
p  Amer?

r

o dv,
kt=< g(r, vy, I )- (11)

Here t is an optical depth variable defined by t =
-1
0PVt <dv,./dr) , k and o« are named “radiative pa-

rameters” and g(r,v,, dv./dr) is a correction which
takes into account the size of the star (v, is obviously
the thermal velocity). The parameter k is related to
the total number of lines driving the wind, while «
gives the relative contribution of optically thick and
thin lines (@ = 0 corresponds to no thick lines at all
whereas o = 1 represents no thin lines).

The correction factor g is

P U G M)
T o (r) [ - ]

14+«

g(rﬂ UT’

12)

The equation that results for wind expansion
(combining (3); (4); (5); (6); (10) and (11)) is

['Ur - %(%)Zﬁ}dvr/dr + ——G.M(rl2- D
URE

Qa% Ry 2P+1

Za+n(z)  +

C(r/R)P* / , dv.\@ dv,
r? (r vr dr) 9(r,, dr ), (13)

in which ag is the photospheric sound speed. C is an
eingenvalue of the solution. It is related to the mass
flux by

_ IGMk
T (cevp®)e

This equation is solved numerically by standard
techniques. The first step consists in computing the
velocity and its derivative at a special point called
the critical radius, which is defined by regularity and
singularity conditions. Subsequently, we perform a
numerical integration from this critical point, obtain-
ing a whole solution v,(r). For further details in the
method of solution the reader is referred to Pauldrach
et al. (1986) and Aratjo (1995).

c (14)

3. THE “SOLAR-TYPE” WIND CASE

In this paper, we restrict ourselves to the situa-
tion in which the line force is uniquely given by weak
(optically thin) lines. In such a case, the value of
the radiative parameter « is @« = 0. For us this is
a working hypothesis but it is rather drastic and we
will try to justify it a bit more now. Radiation-driven
theory for hot/luminous star winds is based on CAK
classical work. In their formalism the most signifi-
cant contribution for the radiative force is given by
optically thick lines. This theory has been (more or
less) sucessfully addressed to O-type star winds, in
which terminal velocities are of the order of 1000—
3000 km s~! and there is a rapid increase to such
speeds. However, some objects may present qualita-
tively distinct expansion characteristics, with veloc-
ities of only &~ 100-300 km s™!. Among them, the
luminous blue variable P-Cygni (and perhaps some
other analogous objects) and specially classical Be
and Ble] stars.

A CAK-type rotationally-distorted wind model
for Ble] supergiant envelopes was developed some
years ago by Boyd & Marlborough (1991). They
concluded that a denser equatorial plane must be
present in order to reproduce continuum linear polar-
ization with reasonable rotational rates. Moreover,
they suggested a great number of optically thin lines
as an adequate driving mechanism. In fact this pos-
sibility had been raised some years before by Lamers
(1986) in his study of P-Cygni. Afterwards, Paul-
drach & Puls (1990) have shown that a wind may be
bi-stable if the optical thickness in the Lyman con-
tinuum is close to unity. For optically thin media
the degree of ionization will be high, so the radia-
tive force would be mainly produced by lines in the
Lyman continuum (for instance O VI, NV and CIV
resonant transitions) and the radiative parameter o
would be high. The opposite situation is achieved
in media which are optically thick in the Ly con-
tinuum, with a major contribution of the Fe-group
lines. We recall that this behaviour is in qualita-
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tive agreement with Abbott’s (1982) computations
of the radiative force. Most importantly, the tran-
sition from one stage of ionization to another may
occur with a relatively small change in temperature.
Subsequently Lamers & Pauldrach (1991) suggested
that a latitude contribution of lines may be gener-
ated in rotating B-type stars (and most likely in Ble]
supergiants) as a consequence of such a mechanism.
More recently, Stee et al. (1995) performed a de-
tailed analysis of the circumstellar matter of the Be
star v Cas on the basis of spectroscopic and interfer-
ometric measurements. They have obtained that the
terminal velocity should vary with star co-latitude
6, decreasing from ~ 2000 km s~! in the poles to ~
200 km s~! at the equatorial plane. In order to re-
produce such velocities, the o parameter should vary
from a2 0.5 (poles) to ~ 0.1-0.05 (equator), which in-
dicates almost no contribution of thick lines in this
last region.

The dynamical problem of equatorlal dlsk forma-
tion around rotating B-type stars is a long-standing
one. A new paradigm in this context has seemed
to appear with the contribution by Bjorkman &
Cassinelli (1993), the so-called wind-compressed disk
model. Their semianalytic model states that merid-
ional streams would generate, within some condi-
tions, the equatorial disk. At first these results were
roughly confirmed by more accurate 2D hydrody-
namical simulations (Owocki et al. 1994). However,
Owocki et al. (1996) presented opposite results in a
very recent work. They have obtained that the in-
clusion of non-radial components in the line forces
(previously not taken into account) can lead to an
effective supression of the equatorward flow needed
to form the compressed disk. One suggestion cited
in this work is that “driving of B-star winds could
be limited to optically thin lines”. (Another conse-
quence of the wind-compressed disk model would be
the formation of a shock cone around the equatorial
region. This conclusion is not supported by Owocki
et al. (1996) results. Since this point is open at the
moment, it will not be commented here.)

In view of the above discussion, we present here a

simple model for the equatorial plane in which only-

thin lines contribute for the radiative force. In such a
case the value of the radiative parameter « is a = 0.
(We are aware that this is-a simplifying assumption,
since some optically thick lines shall be present in
real situations). Therefore, the radiative force will

be

F_’ koL 15
p  4mer?’ (15)
(note that g(r, v,, dbr/dr) = 1) and the eigenvalue C
simplifies to C = TGMk.

Then, the expansion equation in the equatorial
plane.is reduced to

[”2‘6‘3(5) ﬁ] (1/v) (dv/dr) =

- 24 (R)T -G

{o-ni-e(3)*) -1} 0

The above equation is a generalization of the so-
lar wind equation (e.g., Parker 1960), modified by
the inclusion of rotation (x), a continuum radiative
force (T') and a thin line force (kI'). Moreover, its
solution depends on the adopted temperature profile
(B). Therefore, we have varied 4 parameters (3, x, 6
and k) and analyzed the corresponding results. Some
cases are quite simple but others may be rather com-
plex. Neverthless, in all cases there is (at least) one
critical point at which the righthand side of the equa-
tion vanishes. Therefore, the lefthand side must also
vanish and one of the followmg conditions must be
obeyed

dv

0 2| _ =0, C )

r=rc

or

B

(i) v(r = r.) = ag (rﬁ) (18)

A transsonic expansion requirés condition (i) to
be fullfilled. However, it is not always straightfor-
ward to obtain the critical radius, its velocity and
derivative. In some cases, more than one critical
point appears, which greatly complicates the topol
ogy of the equations. In the next section we investi-
gate some particular cases and we present the results
obtained in the application for Ble] supergiants.

4. APPLICATION TO B[e] SUPERGIANTS:
RESULTS AND DISCUSSION

4.1. Stellar and Wind Parameters

We will present and discuss our results in this sec-
tion. In otder to compute solutions of equation (16)
one has to introduce values for stellar and wind pa-
rameters. We adopted M = 30 My, L = 8.0x10° Lg
and Tesy = 20000 K which lead to a stellar radius R
of the order of 75 solar radii and to ' & 0.6 [see
eq. (7)]. These parameters are typical of super-
luminous B-type stars (Boyd &.-Marlborough 1991;
Aradjo et al. 1994) but they are not adequate
to the recently defined class of low luminosity Ble]
stars. Therefore, our results should be considered
only for the massive and luminous Ble] supergiants.

Five rates were adopted for the rotational speed:
x = 0.0;0.2;0.5;0.7 and 0.8. Any specific value
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would be rather speculative since photospheric lines TABLE 1
are not usually seen in the spectra of these objects.
As wind parameters are concerned we have stud- CASE 1: 8=0,6=1/2
ied the following cases: 8 = —0.4;0.0;0.4 and 6 =
0.0;0.5;1.0. As said previously § gives the behaviour X k rc (Stellar Radii) Vo (kms™1)
of the temperature profile in the envelope. 8 = 0.0
simulates an isothermal flow, a positive value for g 0.0 8(1) g;;g 34111
represents a decreasing temperature with distance to 0'2 30.66 37‘5
the central star, whereas a negative one is the oppo- 0'3 23‘60 41‘3
site situation. The § parameter governs the rota- 0' 4 16.53 46.1
tional velocity law. § = 0.5 corresponds to Keplerian 0'5 9.46 53‘1
rotation; § = 1.0 is the angular momentum conser- 0'6 2'40 67.6
vation case while § = 0 is a more viscous case. Fi- 0 6.198 1'00 75'4
nally, there is k, the radiative parameter related to ' , ) : )
the number of driving lines. It seems reasonable to 0.2 0.0 43.00 32.3
expect this number to be correlated with the wind 0.1 35.94 35.1
density, which in turn is believed to be enhanced by 0.2 28.87 38.4
rotation. Thus k and xy may be somehow linked and 0.3 21.80 _ 42.4
some combination of their values could not be real- 0.4 14.74 47.6
istic. Nevertheless, for the sake of completeness, we 0.5 7.67 55.5
have treated k as a free parameter and it was varied 0.5944 1.00 , 75.4
from k£ = 0.0 (no lines at all) to a maximum value 0.5 0.0 33.59 36.2
kmaz which is given by the physical requirement that 0.1 26.53 39.6
the critical point lies outside the stellar surface, i.e., 0.2 19.46 43.9
rc > R. The reader is warned that some cases (those 0.3 12.40 49.8
with great x, and small k; or vice-versa), must be 0.4 5.33 59.5
taken with caution. 0.4613 1.00 75.4
' 0.7 0.0 22.84 41.7
4.2. Results 0.1 15.78 46.7
41 Case 1: f=0.0;6 =05 o2 o o
This situation corresponds to an isothermal ex- 0.3091 1.00 75.4
p_ans@on.with a Keplerian rotational law. The equa- 0.8 0.0 16.12 46.4
tion is simply 0.1 9.06 53.6
2 0.2 1.99 69.3
(v? —~ az)ld—” _ a7 oM 0.2140 1.00 75.4
vdr r 2
[a-D)a-x*-#r],  (9)
which is strictly analogous to Parker’s isothermal so-
lar equation. A transsonic outflow must obey v = a
at the sonic point given by 80
GM
re= oo [(1-T)(1—x*) - er . (20) 0F
Table 1 gives the results for several values of x or .
and k. It may be seen that for a given k, expansion o
velocities increase with the rotational rate x. Vigo is T4k ’
the velocity at 100 stellar radii. The same behaviour = .
is found when x is fixed and k is increased. This is =30 |
clearly shown by Figures 1 (x = 0.2) and 2 (x = 0.7). 2 k
In addition, we note that the highest velocities are -
obtained with k£ = kmqz. They are about 75 km s~ or:- .
in all cases, regardless the adopted . 0 Lot
0 20 40 60 80 100
4.2.2. Case 2: 8=0.0;6 = 0.0 R (stelar radii)
In this case we still have an isothermal flow but we Fig. 1. An example of case 1: for x = 0.2, expansion
have decreased the parameter ¢ in order to simulate velocities increase with k. :
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a more viscous medium. The expansion equation will
be

{(1 —T)f1- Xz(—@)—l]—kr} . (21)

r

and the expression for the critical radius

R[1 - (1 + k)]
228 4 (1-T)

(22)

c =

Inspection of Table 2 shows once again, a positive
correlation between outflow velocity and k and/or .
Furthermore, it seems clear that for k& = k,,,, the
velocities are almost the same as the previous case
(6 = 0.5). On the other hand, for ks < knmaz, the
expansion now is higher (see also Figures 3 and 4).
Comparing these two cases we may note the relation
between the critical point and the resulting velocity.
This is not surprising since, in fact, the normalized
solution (v in units of a; 7 in units of r.) is the same
in both cases.

4.2.83. Case 8: 6=0.0;6=1.0

The equations for this case are given by

o gy Ldv 20 G
vdr 7 r2
(-l (B @
and

SM1-T(1+k)]
2

Te =

{(80) "0 -0+ 12 - R0 - 1)}
2

(24)

From (24) it may be seen that there are two critical
radii. This strongly complicates the analysis of (23),
and we have been not able to perform the numerical
integration.

4.2.4. Case 4: B =0.4,6 =05

In this case and in the next one we have allowed a
temperature variation according to (3), while main-
taining a Keplerian rotational law (6 = 0.5). There-
fore, the temperature decreases with the distance to
the star for § > 0 while § < 0 gives an increasing
temperature law. The radial momentum equation for
both cases may be written as

DE CARVALHO & DE ARAUJO

80 T T T

L

0 20 40 60 80 100
R (stellar radii)

Fig. 2. Here we show the behaviour for x = 0.7. Note
that we have the same behaviour of veyp with k but now
the expansion velocities for the same k are greater than
in Figure 1.

TABLE 2

CASE2: 8=0,6=0

X k r. (Stellar Radii) Vioo (kms™1)
0.0 0.0 44.79 31.7
0.1 37.73 34.4
0.2 30.66 37.5
0.3 23.60 41.3
0.4 16.53 46.1
0.5 9.46 53.1
0.6 2.40 67.6
0.6198 1.00 75.4
0.2 0.0 16.04 46.6
0.1 13.51 48.7
0.2 10.98 51.2
0.3 8.45 54.4
0.4 5.92 58.4
0.5 3.39 64.2
0.5944 1.00 75.4
0.5 0.0 3.67 63.4
0.1 3.09 65.1
0.2 2.51 67.2
0.3 1.93 69.6
04 1.35 72.8
0.4613 1.00 75.4
0.7 0.0 1.95 69.5
0.1 1.64 71.1
0.2 1.33 72.9
0.3 1.02 75.2
0.3091 1.00 75.4
0.8 0.0 1.50 71.9
0.1 1.27 73.4
0.2 1.03 75.2
0.2140 1.00 75.4
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" k=0.5944

O '-'. = ) 1 1 1 1
0 20 40 60 80 100
R (stellar radii)

Fig. 3. An example of case 2 with x = 0.2. Its behaviour
is the same to that of case 1 but with a higher expansion.

Tk=03091_}

O 1 .l 1 1
0 20 0 60 80 100
R (stellar radi)

Fig. 4. Another example of case 2 with x = 0.7.

26+1

() e

SFla-ma-x -], @)

and the critical point expression is

_ {GM -

Icl“]}1 28
2a3(1+ B) Rw '

(26)

Results for case 4 are in Table 3. Terminal ve-
locities are again of the order of 75 km s~!, when
k = kpmaz. However, for small kg, critical radii are in-
deed large. The corresponding velocities are so small
that they could not be accurately determined. They
appear as asterisk marks in Table 3.

103

TABLE 3

CASE 4: 3 =0.4,6 =1/2

X k r. (Stellar Radii)  Vigo (kms™!)
0.0 0.0 3.35107
0.1 1.42107
0.2 5.04 108
0.3 1.36108
0.4 2.3010°
0.5 1.4110%
0.6 1.4010!
0.6141 1.0010° 75.4
0.2 0.0 2.73107
0.1 1.12107
0.2 3.73108
0.3 9.1710°
04 1.2910°
0.5 4.95103
0.5888 1.0010° 75.3
0.5 0.0 7.96 108
0.1 2.4410°
0.2 5.2010°
0.3 5.4510%
0.4 8.03102
0.4556 1.0010° 4.7
0.7 0.0 1.16 108
0.1 1.8210°
0.2 9.35103
0.3 2.2610° 49.1
0.3021 1.0010° 75.2
0.8 0.0 2.0310°
0.1 1.1410%
0.2 5.8710° 28.8
0.2084 1.0010° 75.2

4.2.5. Case 5: f=-04;6=0.5

This last case has presented interesting new re-
sults (see Table 4). Significant changes have not oc-
curred for k£ = k42, but the positive correlation be-
tween expansion velocity and k (shown in previous
cases) is not seen now. In fact we have adopted now
a temperature law which increases with distance to
the star and decreasing velocities were obtained for
increasing x and k. Furthermore, greater velocities
are reached for small k,;: Vigo =~ 110 — 130 km s~ 1.
This behaviour, illustrated in Figures 5 and 6, is a
consequence of the decrease of the sound speed at the
critical point since higher k& moves this point inward
in the wind where the temperature is lower.
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TABLE 4 140
120
CASE 5: B=-04,6=1/2
X k 7. (Stellar Radii))  Vigo (kms™!) :00
00 0.0 11.00 133.6 =97
0.1 9.98 1315 60
0.2 8.89 128.9
0.3 7.68 125 4 or
0.4 6.30 120.6 20 F 4
0.5 4.62 112.6 ) . ' '
0.6 2.16 93.3 % 20 40 60 80 100
0.6254 1.00 75.6 R (stellar radii)
0.2 0.0 10.70 - 1331 Fig. 5. An example of case 5: with x for x = 0.2 higher
0.1 9.71 130.9 velocities are obtained for lower values of k. As in other
0.2 8.60 128.0 cases we have vigg & 75 km s™! for k = kpaq.
0.3 7.36 1243
0.4 5.92 118.9
0.5 4.12 109.6
0.6001 1.00 75.5
0.5 0.0 9.35 130.1
0.1 8.20 127.0
0.2 6.91 122.8
0.3 5.37 116.5
0.4 3.36 104.5
0.4669 1.00 75.6
0.7 0.0 7.55 125.1
0.1 6.15 119.8
0.2 4.42 1115
0.3 1.75 88.2 0 . A . \
0.3148 1.00 75.5 0 20 40 60 80 100
R (stellar radii)
0.8 0.0 6.22 120.2
0.1 451 112.0 Fig. 6. In the case of a temperature law which increases
0.2 1.94 90.8 w@th distance to the star we h.ave decr.ea.sing velocities
with x and k. Here we show this behaviour for y = 0.7.
0.2197 1.00 75.5

5. CONCLUSIONS

In this paper we have presented a rotationally-
distorted radiative wind model driven by optically
thin lines and electronic. scattering. QOur aim was
to verify if such a model could reproduce the low
expansion outflow (Vezp < 100 km s71) seen in the
equatorial disks of Ble] supergiants.

Velocities at a hundred stellar radii (Vi) in the
range 40 — 130 km s~! were obtained. Thus, our re-
sults seem to indicate that these models should not
be discarded at this stage of investigation. Figures 7
ana 8 show Vigo as a function of rotational rate yx
for k = 0.1 and k£ = 0.2, respectively. We can see
that only case 5 lead to terminal velocities greater

Fig. 7. The behaviour of w1gp with x for £ = 0.1. Cases
1, 2, and 5 are presented.
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Fig. 8. Here we have fixed £ = 0.2. The behaviour is very
similar to that of Figure 7.

than 100 km s~*. This situation however, would re-
quire a better understanding of the cooling and heat-
ing mechanisms in the envelope in order to give sup-
port to an increasing temperature law. On the other
hand, cases 1 and 2 give Vigo of about 75 km s7!
when large values are adopted for k (kp,qaz), which
implies a great number of thin lines. This velocity is
quite acceptable in view of the uncertainties in stellar
parameters (mass, radius, luminosity).

Several points should be improved in future stud-
les. We shall deal with more complex numerical
cases, like that mentioned in subsection 4.2.3. An-
other step would be to admit a small contribution
from optically thick lines. This situation may be sim-
ulated by changing the a parameter from o = 0.0 to
a = 0.1—0.2. However, a non-zero value of & makes
the numerical solution of the equation much more dif-
ficult and more powerful methods must be employed
(see Aradjo 1995). A major improvement would con-
sist in introducing explicitly the energy conservation
equation, whose solution would give us the temper-
ature law in the excretion disk. Finally, a realistic,

105

self-consistent method, would require a simultaneous
computation of the radiative force parameters o and
k as a function of star’s latitude, in a time-dependent,,
2D hydrodynamical model.
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