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Abstract. A prescription for the density of a wind compressed
disc (WCD) s given and the IR emission of the disc is calculated.
The prescription enables emission from WCDs to be calculated
simply without recourse to full 2;-dimensi0nal (2;-D) mod-
elling of rotating radiatively driven winds. It is shown that the
standard WCD model is incapable of representing observed Be
star discs.

As a guide for future research, various addenda to the WCD
model are considered: internal density structure of the disc, de-
coupling of the matter and radiation fields in the wind and finally
magnetic fields. Of these, it is only a magnetic field which may
be sufficient as a suffix to bring the WCD model into line with
observations. The magnetic field strength must be tens of gauss
to begin to reproduce observations.

Key words: stars: emission-line, Be — stars: circumstellar mat-
ter — stars: mass loss — infrared: stars

1. Introduction

In common with other hot stars, Be stars are thought to pos-
sess fast radiatively-driven winds which are described well by
current theory (Castor, Abbott & Klein 1975, Friend & Abbott
1986, Kudritzki et al. 1989). A Be star also has a dense disc in
its equatorial plane (Waters 1986, Quirrenbach et al. 1994). A
large problem in Be star research is to understand how these two
such disparate regions (fast, polar wind, and dense, equatorial
disc) may co-exist around one star. A factor which discriminates
Be stars from “normal” B stars is that Be stars are fast rotators,
and although they do not rotate at their break-up velocity (Slet-
tebak 1979), the majority of them have been found to rotate at
~ 0.7 of their break-up velocity (Porter 1996). Rapid rotation
therefore may be a significant ingredient to the generation of
the two different circumstellar regions.

The dense equatorial disc emits free-free radiation in the
IR and radio creating an excess over the photospheric emission
which has been modelled phenomenologically by a variety of
disc/slab models (Poeckert & Marlborough 1978, Waters 1986,
Kastner & Mazzali 1989). Although these models have been

successful in describing many elements of the energy distribu-
tion, the physical reason for the disc’s existence and geometry
has not been emphasized.

A variety of theoretical models has been proposed to ex-
plain the existence of the two regions. These include magnetic
winds (Poe & Friend 1986), latitudinal variation of driving lines
(de Araujo & de Freitas Pacheco 1989) and stellar pulsation
(Willson 1986, Ando 1986) although the wind-compressed disc
model (WCD) of Bjorkman & Cassinelli (1993) has attracted
most attention recently. This model shows that under the influ-
ence of rotation, the radiatively-driven gas streamlines may be
deflected towards the equatorial plane. As the deflected flows
from both hemispheres collide at the equatorial plane, a dense
shocked region forms - the wind-compressed disc. The mecha-
nism has been shown to be correct in numerical hydrodynamic
simulations of Owocki, Cranmer & Blondin (1994), although
the properties of the disc in the numerical simulations differ
widely from those predicted by Bjorkman & Cassinelli. One
feature of the hydrodynamic simulations of Owocki et al. is that
the disc has a much lower equator to pole density ratio than
that predicted by Bjorkman & Cassinelli, which leads to much
weaker IR emission from the WCDs than is observed in real
discs.

Even though the simple WCD paradigm does not provide
discs which could account for the observations, such an attrac-
tive model for the generation of an equatorial disc from the fast
polar wind (and thereby differentiating B and Be stars by rota-
tion) should be persued further. Here the IR emission of WCD
models is calculated and compared with the emission of ob-
served discs. With such a tool, a study can be made of the most
important factors which could affect the emission of the disc. As
the aim of this investigation is to assess whether the WCD model
may be a viable theory for observed Be star discs then a consis-
tency of WCD-emission to observed-disc emission to within of
factors of a few is sufficient to assess if WCDs are reasonable
representations; no individual star shall be concentrated upon,
nor shall a “best-fit” model be produced. An investigation of
the sort of low density discs found by Owocki et al. has already
been undertaken by Zaal et al. (1995) and has shown that the IR
emission of these discs is too small by orders of magnitude to
be a good representation of Be star discs, although the standard
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WCD theory may account for some stars with low density discs.
By examining different properties of the polar wind and disc,
light may be shed on any effect which is likely to be important
in generating the sort of discs which have been observed. In
short, the task undertaken here is to find how the WCD model
may be supplemented to make the WCD a good representation
of observed discs.

The rest of this paper is organised as follows: in Sect. 2 a
prescription for the density structure of a WCD is presented.
In Sect. 3 the IR emission from the model is calculated, and in
Sect. 4 further developments to the WCD model are considered.
Implications of this investigation are presented in Sect. 5.

2. Wind compressed disc model

To calculate the IR emission of the circumstellar material around
the central star, a density prescription for the equatorial disc
needs to be specified. Here the density in the WCD is calculated
by assuming pressure balance between the wind confining either
side of the disc and the internal thermal pressure of the disc.

Necessarily, the model below is an approximation; the full
solution of the time dependent fluid equations should be solved
in at least 2;-D in order to derive an “exact” density structure.
However, this amounts to quite an undertaking, and the accuracy
of the prescription below is sufficient to highlight the essential
physics of the flow.

2.1. Wind structure

The velocity and density of the wind compressing the disc are
calculated from Bjorkman & Cassinelli’s (1993) prescription
with the extension proposed by Owocki et al. (1994) to align
the analytic model with numerical simulations (Owocki et al.’s
section 4.3). This model uses Friend & Abbott’s (1986) numer-
ical solution for rotating radiation driven winds. They presented
relationships between the mass-loss rate and rotational velocity,
and the terminal velocity of the flow and the rotational velocity.
These relationships can then be used to calculate the velocity
and density in a streamline, given a foot-point for the streamline
on the star.

The wind velocity and density structure are assumed to have
little effect on the IR emission (see Sect. 3), and so it is calcu-
lated only to enable the compression-disc structure to be derived.

2.2. Disc density and structure

In the general case, the disc will not have a constant opening
angle, and so the geometry of the disc will be as shown in Fig.
1. With components of the velocity of the wind in the r and
0 directions as v,- and vy, the total external wind pressure P,
exerted on the disc is the sum of ram pressure P, normal to the
disc’s surface, and thermal pressure P;:

P.=P,+ P, =
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disc surface

stellar surface

Fig. 1. Geometry of the WCD

where 6 and v are shown in Fig. 1, a,, is the sound speed in the
wind, and p,, is the wind density.

This external pressure is matched by the internal gas pres-
sure in the disc Py = pdafi where pg is the disc density, and aq4
is the sound speed in the disc. Equating these two expressions
for a disc in pressure balance, the disc density is
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For the special case of a disc with a constant opening angle
(0 = 0op = 9 =constant) this reduces to
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Note that this expression for p, is explicitly independent of
the opening angle 0, although it depends on 6, via the wind
velocity and density at which a particular streamline intersects
with the disc. The variation of vy may be large near § = 90°
(see Owocki et al.’s Fig. 5¢) and so the disc density may change
significantly. However, for 6,, ~ 5° — 10°, the disc density
variation leads to a maximum difference in the IR emission of the
models of around 2 (see Sect. 3 later). As this study is very much
a feasibility study of the emission from such discs, the exact
choice of ¢, in the range 2°-10° is not very important. Also, as
the assumption of a constant opening angled disc simplifies the
problem somewhat, then the approximation is used (note also
that in Owocki et al.’s calculation the opening angle of the disc
does not vary over a large range for each model).

The disc will now be split into two regimes: the inner disc
and outer disc. The inner disc is defined where the velocity of
the wind normal to the disc (leading to the compressive force)
is greater than the sound speed ie. the Mach number of the wind
normal to the disc’s surface is greater than unity: here the disc is
actively compressed by the wind. The inner disc is assumed to
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have a constant opening angle. Although the outer disc’s local
opening angle ¥ may be calculated consistently (see below), in
practice the outer disc has a nearly constant opening angle also
(see Sect. 2.2.2).

The compression ratio Z is now introduced for a disc of
constant opening angle, and is defined as the ratio of the com-
pression due to the wind streamline motion (through vy) and the
thermal compression from the wind (through the wind’s sound
speed):

2,2 2
. v:+ v . Vg v
=" ) 9) sin?|arctan = 29 .

a?, . a?,

The position of the boundary (z;) between the inner and
outer discs is defined when & = 1. As x increases v, increases
and vy decreases and so the sine term in Z decreases quickly.
This is because the streamlines after being initially deflected
toward the equator, quickly become radial (see Fig. 5 of Bjork-
man & Cassinelli) and so the compressive force on the discs
drops rapidly. It should be noted that the compression ratio &
drops below unity for radii very close to the stellar radius. This
is in the region in which the disc be being constrained by stream-
lines having foot-points very close to the equatorial plane. These
streamlines are deflected little to the equatorial plane as their
flow direction is essentially parallel to the disc anyway.

“4)

2.2.1. Inner disc

In this regime the disc is assumed to have a constant opening
angle with a nominal value of 6,, = 5°. Note that with the
assumption of constant opening angle, the velocity of the out-
flowing gas in the disc may also, in principle, be calculated from
the mass conservation equation

d
J (pavarh) = puwvn,T, )
,

where h = xtan(f,yp) is the disc height at distance 2 from the star
and v,, is the velocity of the wind normal to the disc’s surface.
This is not attempted here for two reasons: (i) if the assumed
constant opening angle 6, is varied, it has little effect on the
IR emission (from 5°-10°) but it has a large effect on the disc’s
velocity: the smaller 0, is, the larger the velocities will be to
keep the same mass flux within the disc (and vice-versa), and (ii)
a boundary condition needs to be specified to solve Eq. 5. This
is not trivial: Owocki et al. (1994) found re-accretion of wind
material, suggesting that the simple condition vy = 0 at z = R,
will be likely to be incorrect for most (if not all) models. Without
solving the momentum equation within the disc and hence doing
a 2;-D or 3-D numerical solution of the flow (something out of
the realm of this paper) calculation of the velocity of the disc is
not attempted. This cautious approach to the disc velocity field
is necessary so that over-interpretation of the current model’s
dynamics is avoided.

2.2.2. Outer disc

In the outer portions of the disc, the compressive force due to
the wind streamlines drifting toward the equator is less than the
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thermal pressure in the wind. In this case, the gas in the disc is not
being “squeezed” and the outward velocity of the gas in the disc
will remain approximately constant at the terminal velocity v{.
Also, the wind only confines the disc from z;, outwards (there is
be anegligible mass flux input to the disc) and so the mass flux in
the disc can be assumed to be constant. From mass conservation
at the boundary between the discs,

zhpg = = constant, 6
Pd 27{_{0? ( )
where h is the value of the disc height (note that at the boundary
h = ztan(fyp)).
Combining this with Eq. 2, and after some manipulation the
value for the the angle to the horizontal of the local tangent 1)

is given by

. M 2 w 2 ;
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where vy has been assumed to be small compared with v,.. The
assumptions made above ensure that the term in square brackets
above is a constant and may be evaluated at the boundary point
xp, using Eq. 6. The height of the disc is then a simple integral

h(zx) = /w tany) dr + h. ®)

b

which can be solved simultaneously with Eq. 7 to obtain the
height of the disc. The disc density can then be calculated us-
ing Eq. 6 as, again, the value of M /27v; is constant, leaving
the density simply depending on this constant divided by the
height of the disc and . The local opening angle ¢/ changes
little from 6, in the outer disc. This is because at these large
radii v, has risen to a value close to the terminal wind velocity,
and hence from Eq. 6, pg o< 1/xh, and through mass conser-
vation in the wind p,, & 1/r? = 1/2? in the equatorial plane.
These combine to ensure that the first term on the RHS of Eq. 7
is approximately constant. Also, for an isothermal model the
second term is constant, and so the opening angle becomes ap-
proximately constant, leading to the disc density falling off as
x 72,

2.2.3. Example calculation

As an example of the model describe above and also to examine
the assumptions, the WCD structure is calculated for the same
model B2 star as was considered by Owocki et al. (1994) in their
numeric calculations. The stellar parameters for this star are M,
=75Mg, L,=2310Lg), R, = 4Rgand T, = 20,000K. This
model star has a critical rotation velocity of 488kms~!, and
(for direct comparison with the model Owocki et al. present in
most detail) rotates at 0.7 of its break-up velocity (350kms™1).
An isothermal model is used such that the wind sound-speed is
the same as the disc sound-speed a,, = a4. Constant opening
angles of 2°, 5°, 10°, are used, (Owocki et al. find an opening
angle of ~ 2°). The model is calculated as follows: the wind
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streamlines are determined first, and those which cross the inner
disc boundary at 6 = 6, are flagged and the inner disc density is
calculated. For the outer disc, the height of the disc is calculated
from Eq. 7 and Eq. 8 and then the density is calculated. As the
streamlines are typically nearly radial when they intersect the
disc at large distances from the star, then typically 500 different
streamlines with foot-points equally spaced in 6 on the star are
used. The streamlines are calculated to a radius of S0R, if they
do not intersect the disc.

Fig. 2a and b display the disc density and disc shape for
the model star for the three opening angles. Also in Fig. 2a the
density profile from Owocki et al.’s simulation is included (the
dot-dashed line — their simulation’s outer radius was 6 R, ). The
arrows indicate where the compression ratio falls below unity.
The arrow closer to the star is for the calculation with 6,, = 5° at
5.8R,, and the other is for 6,, = 10° at 8.71%,.. The model with
0op = 2° has a compression ratio always less than unity. Fig. 2c
shows the compression ratio %~ for the models: the boundary
between inner and outer disc occurs when this ratio falls to unity.
The parameters derived from the model above with 6., = 5° and
those given by Owocki et al. typically agree to within a factor
of two.

3. IR continuum emission from the WCD

Now that the WCD has been specified, its IR continuum emis-
sion may be calculated. For simplicity, the star is assumed to be

10 20 30 40 50
x/R,

Fig. 2a—c. The WCD model for three open-
ing angles: 2° (dotted line), 5° (solid line),
10° (dashed line). a disc density (in g cm™?)
as a function of radius (the dot-dash line
is the density from Owocki et al.’s simula-
tion with an outer radius of 6 R,): b the disc
shape: ¢ the compression ratio versus radius
(see text). For a and b the arrows indicate the
boundary between the inner and outer disc
for the 5° and 10° discs (compare with ¢ at
a compression ratio of unity).

pole on and the prescription used for the calculation is that given
by Waters (1986). The emission comes from the free-free emis-
sion from the hot plasma in the disc. The contribution from the
wind is not significant and so it is disregarded and the emission
is calculated solely from the disc. The underlying photospheric
emission from the star is assumed to be a black-body: again, this
is an accurate enough assumption to be able to make statements
concerning the mechanism for creating the disc.

In order to assess the applicability of the model, the emis-
sion from a constant opening angle disc model has been cal-
culated. This disc has an opening angle of 15°, a density law
p = po(r/R.)~%3 with log(po/gem ) = —11.5 which are typ-
ical values used to fit IR observations of Be stars (Waters 1986,
Waters, Coté & Lamers 1987). The calculation was stopped at
an outer radius of 100R,.

Fig. 3a shows the IR continuum emission for the model
above with the three values of opening angle 0, = 2°, 5°, 10°
all with the central star rotating at 0.7 of the break-up velocity.
Given in Fig. 3b are the spectra given by the model for different
rotation rates (0.5, 0.7 and 0.9 of the break-up velocity). As
the distribution of rotation velocity as a fraction of break-up is
sharply peaked at around 0.7 (see Porter 1996), and statistically
the opening angle defined in this way of shell stars is ~ 5°
(Porter 1996, Hanuschik 1996?), a disc with a 5° opening angle
with an underlying star rotating at 0.7 of its break-up velocity
will adopted hereafter as the standard model parameters for the
WCD throughout the rest of this work.



J.M. Porter: Continuum IR emission of Be star wind-compressed discs

601

OJH\‘HH‘HHHH\HL OJ\H‘HH‘HH
(a) 1

- B R
44 S -
= L i = L
= -6 4 = -6
&0 - i Q) L
o - 4 @) L
-10 | - -10 -
G b b b By i1 C

TTTT TTTT
Fig. 3a and b. IR continuum emission form the
standard WCD model: a emission from a WCD
and star rotating at 0.7 of its critical (break-up)
velocity veie with opening angles 2° (dotted line),
5° (solid line), 10° (short dashed line). The long
dashed line is the emission from the disc model
of Waters (see text). b emission from stars with
an inner disc with an opening angle of 5° rotating
at 0.5vi¢ (dotted line), 0.7v¢i; (solid line), 0.9 v
(short dashed line); again the disc model is the

—~
=3

~—
L1

/
A

1 0 1 2 3 4
log,,(A/pm)

-1 0

The magnitude of IR emission from a disc is determined
by the temperature of the disc, its density, and how fast the
density falls off with radius (see Waters 1986 Sect. 4.3). As
the temperature is regarded as constant for the different models
here, the variation in emission is dominated by the density within
the disc. With a constant opening angle for all models for the
inner disc, Eq. 3 shows that the ratio of vy /v, will then define
the IR emission. Hence a model which results in vy /v, being
(in)significant compared with unity will lead to a (small) large
excess emission. Therefore the generation of emission similar
to that observed must (i) have vy /v, reasonably large compared
with unity at the inner portions of the disc, and (ii) have vy /v,
decline slowly with increasing radius. This will then force the
boundary between the inner and outer portions of the disc to a
larger radius.

As can be seen from Fig. 3 the emission is woefully inade-
quate (by orders of magnitude) for the WCD to be a plausible
description on its own of the circumstellar matter around of Be
stars. This is illustrated by the fact that the boundary between
inner and outer discs is close to the star. Hence, it seems that the
WCD model in it’s simplest form is not a complete description
of Be star discs. However, it is premature to dismiss the WCD
model at this juncture: this is the only self-consistent model of
disc formation yet presented, and is a natural result of rotating
winds. As it is highly attractive, the model is persevered with in
order to assess if discs generated in this way can be responsible
for the IR emission of Be stars.

4. Simple addenda to the WCD model

Clearly the previous section illustrates that the WCD model in
its simplest form is not responsible for the excess IR emission
from Be stars. However, it is now possible to investigate other
effects which may be important. Some of the points discussed
below have little a priori justification. However, their discussion
may point future investigations toward the most likely cause for
the generation of discs capable of reproducing the observations.

log o(\/pm)

long dashed line. All of the spectra have been nor-
malised, and black-body is used for the underlying
stellar photospheric emission.

2 3 4

4.1. Internal structure in the disc

In the analysis above the density in the disc is assumed to be
constant at a given distance from the centre of the star: this
assumption is now relaxed. No explanation is sought for this
variation: it is investigated simply to assess if it may be an
important factor.

The density derived above in Eq. 2 for the compressing wind
is now identified as the immediate postshock density. Can the
disc density increase from the surface of the disc to the equatorial
plane and hence increase the IR emission? A simple limit may
be placed on the density contrast that may be maintained. The
density at the surface of the (ie. the postshock density) disc is
p, and the density at the centre of the disc (on the equatorial
plane) has a density of p + Ap. The time taken for a pressure
wave to travel in the z direction across the disc is ¢, ~ h/agq.
This is typically the timescale over which the disc will come
into pressure equilibrium with itself, and hence smooth out the
density variation Ap. For the centre of the disc, the relevant
timescale is that taken for the density of a parcel of gas to drop
from p + Ap to p caused by the radial flow (at velocity vg) in
the « direction of the disc. This is ¢, ~ Ap/(vq4|dp/dz)).

Hence, the density variation Ap can only be maintained if
the horizontal flow timescale in the disc ¢,, is less than the time
taken for the disc to come into pressure equilibrium ¢,. There-
fore the maximum density variation will be generated when
these timescales are equal ¢, = ¢, or

h _ Ap 1 ©)
aq |do Vg

The results of the WCD model in Sect. 2 yield that the den-
sity in the disc (at least over some range of x) is similar to a
power law p = po(r/R,)™", where py is the disc density at the
r = R,. For illustration, this is now assumed and Eq. 9 becomes

h Vd

A
Pope (10)
p x aq

For a disc with a constant opening angle 6,, = 5°, h/xz =

tan(6op) = 0.09 and with n =~ 2.5, (eg. Waters 1986)

A
P02,
P ad

Vq
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Fig. 4. a Emission from the standard WCD model
with the star rotating at 0.7 of its break-up velocity
with opening angle of 5° (solid line), a WCD with
internal density structure from Eq. 11 (dotted line).
The long dashed line is the emission from the disc
model of Waters (see text). b emission from the
standard WCD model with the star rotating at 0.7
of its break-up velocity with an opening angle of
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The velocity in the disc v4 is likely to notexceed ~ 10°km s~ ! (at
least for the regions in which Ha is formed, Waters & Marlbor-
ough 1992) and so Ap/p ~ 2. This is typically the maximum
density contrast which may be supported by a flowing disc.

For the standard model a variation of Ap/p = 2 with a
linear increase with z of the density from the disc surface to the
equatorial plane is used to revise the IR emission. This has the
effect that the integrated density of the disc is a factor of 3/2
greater than before, and so the integral of the density squared
(proportional to the optical depth through the disc) increases
by 9/4. The effect of this is shown in Fig. 4a. It is clear that in
this model the variation of the density is insufficient to explain
the IR emission. Indeed the density contrast needs to be at least
Ap/p > 100 to reproduce the observed emissions. However,
this would imply that the centre of the disc would have to have
a radial velocity of five hundred times the sound speed! This is
clearly ruled out by the observations and so any density contrast
in the disc is not responsible for the extra emission.

4.2. Wind decoupling

It has been shown elsewhere (Porter & Drew 1995, Springman
& Pauldrach 1992) that the winds of B stars are prone to a
dynamic decoupling between the radiation field and the gas flow.
This process may occur via two different mechanisms. The first
is ion stripping, whereby the heavy elements in the flow which
mediate the radiation force (eg. C, Si, N) are accelerated through
the rest of the plasma at some radius — the decoupling radius
— as the wind is not dense enough to be able to retard the ions
due to the frictional force becoming too ineffective. Beyond this
radius the wind essentially coasts, and is subject to no further
radiative acceleration, ie. the gas flow has decoupled from the
radiation field.

The second method by which decoupling may occur, is again
due the low wind mass loss rate in B stars leading to low flow
densities. The unstable nature of radiatively driven flows will
naturally lead to shocks forming in the wind (Lucy & Solomon
1970, MacGregor et al. 1979, Owocki & Rybicki 1984, Owocki,
Castor & Rybicki 1988). These shocks locally superionize the
gas flowing through them. Radiation driving may only resume
after a shock if the postshock gas regains its preshock ionization
state. However, in the low density winds of B stars, it is possi-

log,o(A/pm)

5° (solid line), a WCD with matter-radiation field
decoupling at 1.2R, (dotted line). Again the disc
model is the long dashed line.

2 3 4

ble that the number density is so low that this recombination is
not possible. This leaves the postshock gas in a high ionization
state, which does not have the same (or indeed any) of the res-
onance lines that the preshocked gas had, and hence radiative
acceleration cannot resume decoupling the gas and radiation
fields.

These two physical effects ensure that the wind receives no
further acceleration and therefore the radial velocity remains
approximately constant. Typically, decoupling radii may occur
close to the star (rgec =~ 1.2R,) (Porter & Drew 1995). Porter &
Drew also demonstrated that such decoupling enabled a rotating
wind to be more severely deflected toward the equator. As this
mechanism has been shown to increase the momentum input
normal to the disc, then it is included in the model for the IR
emission. With the decoupling radius is set to 1.2 R, the bound-
ary between the inner and outer disc (where £~ = 1), increases
from 6 R, (for the standard model) to 9.5 R,. The differences in
the resultant IR emission are shown in Fig. 4b. Although this
has increased the density by a factor of a few, and the IR emis-
sion by a similar amount, it is still unable to provide a complete
explanation of the Be star disc.

4.3. Magnetic fields

Until now, the dynamics of the wind has been determined com-
pletely by the radiation force and rotational effects. As these
have failed to produce circumstellar geometries that are im-
plied by the observations, another mechanism that may intro-
duce asymmetries into the wind must be considered. An ob-
vious candidate here is a magnetic field. The effects of mag-
netism on radiatively-driven winds has already been considered
by Friend & MacGregor (1984), Poe & Friend (1986), although
these authors assumed that there were no meridional motions in
the wind, and considered a magnetic field with only radial and
toroidal components B = (B;,0, By).

Observational determination of the magnitude of Be star
magnetic fields is difficult, as the effects of rotation blur out any
Zeeman splitting in the atmospheric lines. However, some order
of magnitude estimates are available: Nerney (1980) finds upper
limits of 10G for Be stars, Barker et al. (1981), and also Land-
street (1982) find hot star magnetic fields to be undetectable over
their errors of 100-200G, although they do point out that some
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geometries of fields with kilogauss strength may not be detected
in their work. Fox (1993) finds that the observed polarization
of Be stars could be generated if the star has a magnetic field
of B < 100G. In their theoretical studies, Friend & MacGregor
and Poe & Friend use magnetic strengths of upto 1600G. With
this uncertainty in the magnetic field strength, a upper limit of
tens of gauss seems reasonable.

Here the effect of a magnetic field on the meridional motions
is considered in a non-rigorous fashion — the essence of the
investigation is to establish the most probable mechanism for
the Be star phenomena.

The WCD model is supplemented by the addition of a dipole
field B aligned with the rotation axis. The streamlines are as-
sumed to follow the magnetic field lines in the magnetically
dominated regime where the magnetic energy density |B|?/87
is greater than the wind’s kinetic energy density é p|v|?, where
v is the velocity of the wind. In this regime, the radial com-
ponent of velocity is assumed to follow a § velocity law, as
in the non-magnetic model — note that this is what was found
in the radial/poloidal field in Friend & MacGregor, and Poe &
Friend’s work although the terminal velocities were different
from non-magnetic models. The assumption of the 3 velocity
law is incorrect as the retarding effect of the magnetic field in
the radial direction has been ignored. However, this will lead
to the magnetically-dominated regime being smaller in radial
extent, as the kinetic energy density increases at least as fast as
in the non-magnetic case.

Once the kinetic energy density is equal to the magnetic en-
ergy density then the magnetic field lines are pulled out of shape
by the flow, and will follow the wind streamlines. In this regime,
the streamline calculation is done exactly as before, except that
the meridional velocity vy will only change if rotational effects
cause it to increase beyond the value it has as the wind moves
into the kinetic regime. The net effect of the magnetic field is to
“slingshot” the streamline toward the equator in the magnetic
regime, and hence, if the streamline does become potentially
equator crossing, will increase the compression ratio &~ of the
WCD.

Fig. 5 shows the streamlines computed with magnetic fields
of B =10, 30 and 60G. As can be seen the effect is dramatic.
The IR continuum emission is also shown in Fig. 5 along with
that calculated from an equivalent non-magnetic model. It is
clear from these figures that the effect of magnetic fields can
be enough to increase the continuum emission to such an ex-
tent that it may account for the total observed emission although
the spectral shape of the excess is not matched exactly. How-
ever, given the approximate fashion in which the calculation has
been attempted, it is fair to conclude that in principle, enough
emission may be produced by this magnetic model.

5. Discussion

From the results presented above, it has been clearly shown that
the simple additions to the standard WCD model will not enable
the model to account for observed discs. The introduction of a
magnetic field is a major qualitative change to the WCD model,
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which may enable it to account for the observed continuum
emission. It is possible that several effects may be acting simul-
taneously, but this would require a much more “finely tuned”
star than is required by introducing a magnetic field.

Is the proposition of a magnetically generated WCD a rea-
sonable one? How may such fields be generated? What other
facets of Be star observations could this explain?

The convective cores of massive stars may produce a mag-
netic field, although this field should then be present in both B
and Be stars, thereby not separating the two classes of star by
rotational velocity as observed. The rotation of stars generates
meridional circulation currents within the star (Mestel 1953,
Sweet 1950, Eddington 1925, Vogt 1925) arising from conser-
vation of energy on equipotentials. The velocities calculated
from models are low within the star (typically less than 0.1cm
s~ ! Tassoul & Tassoul 1982), but increase toward the surface
inversely proportionally to the density. Zahn (1992) also points
out that a star with a strong wind may induce further merid-
ional motion, through angular momentum transport. However,
as the surface is essentially at rest then a turbulent layer dissi-
pates the kinetic energy below the photosphere (see eg. Urpin
et al. 1996, Tassoul & Tassoul 1982). These studies of rotating
stars, however, neglect the effects of magnetic fields within the
star. Massive stars also possess atmospheric convection zones.
It may be possible that the outer turbulent/convective layer is a
site for a supplemental magnetic field to be generated. If so then
this may point to a rotationally induced/supplemented magnetic
field being the difference between B and Be stars, hence again
establishing a rotational difference between B and Be stars.

Magnetic fields supplemented in this way may also promote
the phase changes seen to occur in B stars (B < Be, Be < Be-
shell). This change has perplexed researchers working in this
area; if the disc is produced as a direct result of rotation alone
then its apparent disappearance would logically imply that the
rotation velocity of a star changes! Clearly this is incorrect,
but a realignment of a rotationally produced magnetic field (or
indeed it becoming chaotic with much small scale structure) is
much easier to rationalize. Of course this is speculation, and a
magnetic field supplemented in such a thin layer is unlikely to
have such a simple dipole structure as has been assumed here,
and therefore the results presented above must still only be a
guide.

As yet no attempt has been made to assess the global or local
stability of the disc. Should the disc become unstable to local
perturbations, it will become turbulent. The net effect of this
will be to increase the effective local sound-speed in the disc ie.
ag — (a?i + a%)l/ 2 where a, is the turbulent velocity. This extra
turbulent energy will then force the disc to expand. The net ef-
fect of perturbations growing whilst they are advected radially
outwards is that the turbulent velocity a; will grow with radius,
forcing the disc to flare at radii where a; becomes appreciable
compared to the local sound speed in the disc a4 (refer to Eq. 7).
This will cause the density to drop off faster with radius in the
outer parts of the disc than in the inner parts as the mass flux in
the disc does not change significantly (see Sect. 2). Hence the
density power law derived from radio observations, probing the
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outer disc, should be steeper than that derived from IR observa-
tions, which is just the effect that is observed (Dougherty et al.
1991, Taylor et al. 1990). This suggestion is given strength by
similar simulations and stability analyses peformed by Stevens
et al. (1992) in their colliding winds model for early type bina-
ries, and also by Vishniac (1994) who considered the stability
of a shock-bounded slab of gas. Both of these investigations
did show that the shock-bounded region is unstable. As a sim-
ple explanation of the differing density power laws from the IR
and radio observations, it is felt that stability analyses should be
extended to WCDs to reconcile the observations.

6. Conclusion

A discussion of the IR continuum emission from WCDs has
been presented. It is confirmed that the basic WCD model can
not produce the IR emission observed from “real” Be star discs.
Without invoking a serious asymmetry in the mass loss rate
(which, in the limit will essentially lead to the standard disc
model of Poeckert & Marlborough 1978, or Waters 1986), a
possible addendum considered here to the standard model of
Bjorkman & Cassinelli is that generated from a magnetic field
with a strength of tens of gauss. Until reliable measurements
of Be star magnetic fields are obtained, this hypothesis shall
remain exactly that. However, it is now clear that by itself the
WCD model is insufficient to explain observed discs.

B = 60G (short-dashed line), and also for the standard unmagnetised
model (long-dashed line).
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