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Abstract. We review the dynamics of radiatively driven mass loss from
rapidly rotating hot-stars. We first summarize the angular momentum con-
servation process that leads to formation of a Wind Compressed Disk (WCD)
when material from a rapidly rotating star is driven gradually outward in
the radial direction. We next describe how stellar oblateness and asym-
metries in the Sobolev line-resonance generally leads to nonradial compo-
nents of the driving force is a line-driven wind, including an azimuthal
spin-down force acting against the sense of the wind rotation, and a latitu-
dinal force away from the equator. We summarize results from radiation-
hydrodynamical simulations showing that these nonradial forces can lead
to an effective suppression of the equatorward flow needed to form a WCD,
as well as a modest (~ 25%) spin-down of the wind rotation. Furthermore,
contrary to previous expectations that the wind mass flux should be en-
hanced by the reduced effective gravity near the equator, we show here that
gravity darkening effects can actually lead to a reduced mass loss, and thus
lower density, in the wind from the equatorial region. Finally, we examine
the equatorial bistability model, and show that a sufficiently strong jump
in wind driving parameters can, in principle, overcome the effect of reduced
radiative driving flux, thus still allowing moderate enhancements in density
in an equatorial, bistability zone wind.
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1. Introduction

There is much observational evidence that the equatorial regions around
rapidly rotating hot-stars generally have an enhanced wind density, perhaps
even (e.g., as in Be stars) a circumstellar disk. A key question is whether
this enhanced equatorial density might be a direct result of rotational effects
that could influence the latitudinal variation of the radiatively driven stellar
wind expected from such a luminous B-star. Previous theoretical analyses
of winds from rotating hot stars have examined various effects that can
increase the equatorial density, including:
e enhanced mass flux and reduced wind speed associated with the cen-
trifugally reduced effective gravity near the equator (Friend and Ab-

bott 1986; Pauldrach, Puls, and Kudritzki 1986);
e Wind Compressed Disks (WCDs) (Bjorkman & Cassinelli 1993; Owocki,

Cranmer, and Blondin 1994; Ignace, Cassinelli, and Bjorkman 1996);
or

e enhanced mass loss from a “bi-stability zone” triggered by the reduced
radiation temperature near the equator (Lamers and Pauldrach 1991).

All these previous analyses have implicitly assumed that the radiative flux
is uniformly distributed over the stellar surface. However, to the extent that
radiation dominates the energy transport in the envelopes of such hot stars,
the classical analysis of von Zeipel (1924) implies a “gravity-darkening” ef-
fect, in which the radiative flux from near the equator is reduced in pro-
portion to the centrifugally reduced effective gravity there. Here we review
results from recently developed 2-D wind simulations that incorporate the
effects of such gravity darkening, as well as nonradial components of the
line-driving force (Owocki, Cranmer, and Gayley 1996). As discussed below,
both effects turn out to have a surprisingly strong impact on the latitudinal
mass distribution of a stellar wind. To provide a basis for understanding
these unexpected results, let us first review scaling relations predicted from
1-D models of line-driven winds.

2. Scaling Laws from 1-D Models

Initial investigations (Friend & Abbott 1986; Pauldrach et al. 1986) of the
possible role of rotation on radiatively driven winds derived 1-D models
based on the standard line-driving formalism of Castor, Abbott, and Klein
(1975; hereafter CAK), but now adding the effect of an outward centrifugal
acceleration in the equatorial plane, g.cn:(r) = V.2, R%/r3, where V., is the
equatorial rotation speed at the stellar surface radius r = R. Although this
centrifugal term declines faster with radius than gravity, the mass loss is
fixed at a critical point quite near the stellar surface. This suggests that
the effect on the local mass flux at any colatitude 8 of a rotating star can
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be written in terms of a centrifugally reduced, effective surface gravity

GM .
gers(0) = = (1 - Qsin®6) | (1)

where G and M are the gravitation constant and stellar mass, and Q =
V2. R/GM. We thus rewrite the standard CAK mass loss rate scaling law
(i.e. CAK eqn. (46)) in terms of surface values of the mass flux m = pv,
radiative flux F’, and effective gravity g.y, relative to corresponding polar
(6 = 0) values m,, F,, and g, = GM/R?,
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where « is the usual CAK exponent, assumed here to be constant at all

latitudes (cf. §4.2 below).
For example, if we take F'(#) = I',, then we obtain the scaling

m(6)

o

"7 pe) =R, 3)

= {1 — Qsin%6
which, for sinf = 1 and a =~ 0.6, provides a reasonably good fit to, e.g.,
numerical results plotted in fig. 4 of Friend & Abbott 1986. Since o < 1,
the exponent 1 — 1/« is negative, implying that the mass flux increases
monotonically from pole (sin # — 0) toward the equator (sin § — 1). On the
other hand, if we apply the standard von Zeipel(1924) (see also Kippenhahn
& Weigert 1990) gravity darkening law that the surface flux itself varies in
proportion to the centrifugally reduced effective gravity, F'(6) ~ g.fs, we
obtain )

%:1-9@20 . F(0) ~ goss(6) (4)
so that the mass flux now decreases towards the equator, with a maximum
at the pole (see §4)!

Friend and Abbott (1986) likewise find that the terminal wind speed is
decreased by rotation in the equator. We can also approximate this result
within our 1-D concept of a centrifugally reduced gravity to predict a lati-
tudinally varying wind terminal speed that scales with an effective escape
speed, Voo (0) ~ vege/1 — Qsin? f. The latitudinal variation of density is

then obtained from p ~ 1m/vy,.

3. 2-D Dynamical Simulations of Rotating Winds
3.1. EQUATORIAL WIND COMPRESSED DISKS

A major advance in modelling rotating hot-star winds was development of
the elegantly simple “Wind Compressed Disk” (WCD) paradigm by Bjork-
man & Cassinelli (1993). They noted that, like satellites launched into earth
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orbit, parcels of gas gradually driven radially outward from a rapidly ro-
tating star should remain in a tilted orbital plane that brings them over
the equator. As wind parcels from opposite hemispheres collide over the
equator, they form a disk of compressed gas. A key simplification here is to
assume that, like gravity, the radiative driving is a radially directed, cen-
tral force, so that the total angular momentum of each individual wind fluid
parcel is conserved, fixed by the rotation at its initial latitude at the wind
base (i.e., at the subsonic stellar surface), and remaining in a fixed plane
perpendicular to the angular momentum vector. The crucial criterion for
the formation of a disk is that the near-star wind speed not be too much
larger than the rotation speed. For lower rotation or faster winds, material
may not be deflected into a disk, but still can form a more modest equa-
torial density enhancement, a “Wind Compressed Zone” (WCZ; Ignace,
Cassinelli, and Bjorkman 1996).

To test this WCD paradigm, Owocki, Cranmer, and Blondin (1994) car-
ried out 2-D hydrodynamical simulations of line-driven winds from rotating
hot-stars. In keeping with the original WCD model, they assumed a purely
radial driving force, though now computed dynamically using the finite-
disk, spherical-star form of the usual CAK line-driving formalism (Friend
& Abbott 1986; Pauldrach et al. 1986). The results, shown in figure la
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for their standard S-350 model (a B2 star with V,,; = 350 km s), gen-
erally confirm the basic tenets of the WCD model, with certain detailed
modifications (e.g., infall of inner disk material). The overall wind mor-
phology consists of a relatively fast, low-density polar wind, plus a dense
equatorial disk with slow outflow in its outer part. Figure 1la shows density
contours for this standard WCD case, plotted vs. radius and colatitude,
with superposed vectors representing the magnitude and sense of the lati-
tudinal velocity component v (r,#). The WCD, manifest here by the strong
equatorial extension of higher density contours, is the direct result of the
flow compression associated with the equatorward sense of the latitudinal
velocity from both the northern and southern hemispheres.

3. . INHI ITION OF WCD Y POLEWARD LINE-FORCE COMPONENT

For rotating stars, the line acceleration can generally also have nonradial
components. Within the CAK formalism of a fixed ensemble of lines with
a power-law number distribution in opacity, its vector form is given by
integration over solid angle € of the stellar core intensity (Cranmer and
Owocki 1995),

g (r)= Qn (n,r) n n (r) %, (5)

p(r)e~
where  is proportional to the usual CAK line-normalization constant |
and the exponent accounts for the ionization-state dependence on density
p and dilution factor ~ (Abbott 1982). ote that the weighting for the force
contribution of each ray along a direction n is proportional to the projected
velocity gradient in that direction, n n (r).

Owocki, Cranmer, and Gayley (1996) carried out simulations of rotating
winds including these nonradial line-force components. Figure 1b shows the
corresponding wind density structure for the S-350 model, still assuming a
uniformly bright stellar core. As predicted in the above 1-D analysis, the
reduced gravity, enhanced mass loss, and lower flow speed near the equator
yield a broad, moderate density enhancement in the equatorial wind. But
there is no wind compressed disk! Indeed, the sense of the superposed vec-
tors is now reversed, indicating that the latitudinal velocity is now away
from the e uator. As such, there is no longer any wind compression effect,
and so the tendency to form a WCD is completely inhibited.

This latitudinal flow reversal is a direct consequence of a poleward com-
ponent of the line-force, which arises primarily from asymmetries in the line-
of-sight velocity gradient, operating through the velocity-gradient weighting
of the angle integral in eqn. (5). The lower effective gravity near the equator
implies generally lower outflow speeds there, and thus from most midlat-
itude locations in the wind, the line-of-sight velocity gradient is stronger
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when looking toward the equator than toward the pole. Hence, photons
from near the equator scatter at a higher rate and so impart a stronger
impulse than those from near the pole, thus enhancing the net poleward
component of the line-force. A simple expansion analysis (Owocki et al.
1997) shows that this latitudinal force can be approximated by

2

PR S (6)

r? r
Fig. 2b illustrates that this approximation is in good general agreement
with a full numerical integration for this latitudinal component of the line-
force.

The magnitude of this poleward force is small, generally not much more
than 10% of the radial line-force; but the equatorward flow speeds are
similarly small, i.e. less than 100 km s in the WCD model, or only a few
percent of the maximum radial speed. Thus, while the radial line-force
must be strong enough to overcome the stellar gravity to drive an outflow
to terminal speeds of more than 1000 km s, the poleward latitudinal line-
force is unopposed by any other body force, and need only overcome inertial
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terms characterized by a modest, < 100 km s equatorward drift. Fig. 2a
shows that the stopping distance, , = —v?/2¢ ,is comparable to or smaller
than the arc distance to the equator, =r( /2—#), throughout the wind
compression region of the S-350 model (Owocki et al. 1997). From this
perspective, it thus seems clear that the derived nonradial forces should
indeed be dynamically quite significant in redirecting the equatorward drift

needed for a WCD.

3.3. SPINDOWN OF WIND ROTATION

Finally, although the 2-D models here have an assumed azimuthal symme-
try, there is nonetheless also a nonzero a imuthal component of the line-
force, which again results from asymmetries in the line-of-sight velocity
gradient. Because wind rotation speed declines with increasing radius, the
velocity gradient toward the receding stellar hemisphere is greater than that
toward the approaching hemisphere. Through eqn. (5), this now implies a
net line-force against the sense of rotation (Grinin 1978). Its peak magni-
tude is roughly comparable to that for the poleward line-force, but this is
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sufficient to cause a modest wind spindown, characterized by about a 25%
decrease in the specific angular momentum of the equatorial wind outflow
beyond a few tenths of a stellar radius from the surface. Fig. 3a shows
grayscale plots of the azimuthal line-force in the S-350 WCD inhibition
model (cf. fig. 1b), while fig. 3b shows the resulting azimuthal spindown of
the wind in this model. ote that the equatorial regions of the wind have
lost more than 100 km s of their 350 km s surface rotation speed.

E ect of Gra ity Dar ening

.1. UNIFORM WIND DRI ING PARAMETERS

Fig. 1c shows results for the corresponding S-350 model with both nonradial
forces and a gravity-darkened surface flux F'(#) ~ g.¢(f) (von Zeipel 1924;
see also Cranmer & Owocki 1995). In this case, not only is there no disk,
but the overall density in the equatorial regions is actually reduced relative
to that at higher latitudes. This picture is in marked contrast with previous
analyses that envisioned an enhanced equatorial mass loss e.g., eqn. (3);
Friend and Abbott 1986 , but it agrees well with the predictions of the
gravity-darkened mass-flux scaling (4). Despite the reduced gravity near
the equator, the wind mass flux there is now lower, owing to the reduced
radiative flux associated with gravity darkening. The superposed vectors
further show that the latitudinal velocity is again away from the equator,
though with a somewhat lower magnitude than in Figure 1b, owing to the
reduced poleward force associated with the reduced radiative flux from the
equator.

. EQUATORIAL [I-STA ILITY ONE

The above calculations have assumed fixed values of the CAK parameters
(o, , and ), but in general these can be expected to vary with varia-
tions in, e.g., effective temperature and density. A particularly important
example of this is the Lamers and Pauldrach (1991) Bi-Stability model for
equatorial enhanced winds in B e stars. At effective temperatures near
20,000 K, the increased recombination of hydrogen tends to make a wind
become optically thick in the Lyman continuum, thus dramatically alter-
ing the wind ionization excitation balance, and so leading to a marked
shift of line-driving parameters. The effect can be most easily described
in terms of a decreasing CAK exponent «, with a relatively constant line
normalization parameter & 103, related to the usual CAK constant by

= 172w /)*/(1 — a) (Gayley 1995). Within CAK theory, the mass

flux varies as . ~ ~! /2 and so adopting this into the scaling formulae
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in §2, we find for the latitudinal variation of density p ~ m /v,

PO qsmze Vel (7)
Po

where .= .F/gcss isthesurface ddington factor, which is independent
of latitude in the standard von Zeipel (1924) scaling F' ~ g.s¢ for gravity
darkening. The exponent a is now assumed to vary in latitude, e.g. from a
typical O-star value o, &~ 2/3 at the relatively high-temperature pole, to a
lower, B-star value o = 1/2 at lower latitudes, where the rotation brings
the effective temperature near or below the critical bi-stability temperature
of ~ 20,000 K. The expression here includes the reduced driving from the
lower equatorial brightness, an effect that actually was overlooked in the
original Lamers and Pauldrach (1991) analysis, cf. their eqn. (4) and our
eqns. (3) and (4). For stars with ddington factors . not much less than
unity, the large intrinsic value of  implies that this shift in « can cause
a strong increase in mass flux, as signified by the second term in eqn. (7).
For example, for the case .= 0.5, = 10% «a, = 2/3, and o = 1/2, this
bistability density jump represents a quite large factor, ~ 500 ~ 22. In
principle, this could occur quite abruptly near and below the latitude of
the critical temperature, and thus overwhelm the more gradual tendency
for the mass flux to decline with the decreasing radiative flux near the
equator. As such, this model remains a viable possibility for explaining
moderate increases in equatorial density, such as inferred for B e stars.

Concluding Remar s

The above results on nonradial forces and gravity darkening are both a
surprise, in that they essentially reverse previous theoretical expectations,
and a puzzle, in that they apparently contradict observational evidendence
for enhanced densities in the equatorial regions around rapidly rotating
hot-stars. As regards gravity darkening, if convection were to dominate en-
ergy transport in the envelope of rapidly rotating stars, then the equatorial
darkening could be substantially reduced, or even eliminated (Zhou and
Leung 1990). Given the formidable difficulties of multidimensional mod-
elling of convection in rapidly rotating stellar envelopes, this emphasizes
the importance of determining reliable observational diagnostics of gravity
darkening in such stars (e.g., Howarth and eid 1993)

As regards WCD inhibition by nonradial line-forces, we emphasize the
following points. First, the WCD inhibition described above is specific to
line-driven winds, and does not imply a failure or weakness of the gen-
eral WCD paradigm as potentially applied to outflows driven by any other
mechanism. However, insofar as winds from O and B stars have tradi-
tionally, and quite successfully, been modelled using the CAK, line-driving
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formalism, this does represent a serious challenge for applying the WCD
paradigm toward, e.g. Be stars, B e stars, and selected O-stars (e.g., HD
93521: Howarth and eid 1993; Bjorkman et al. 1994) inferred to have en-
hanced equatorial densities and or disks. In the context of the standard
CAK Sobolev formalism, the inhibition effect seems quite robust, arising
directly from the tendencies for the line-force to scale with the line-of-sight
velocity gradient, and for the wind from a rotating star to be slowest at
lower, near-equatorial latitudes. However, there are questions regarding its
applicability to lower-density B-star winds. (See, e.g., Cassinelli and Ignace
1997.) One particularly serious general question (emphasized to us by
Bjorkman, p.c.) regards the neglect here of the strong line-driven flow in-
stabiilty, which ultimately should break the wind up into multiple dense
blobs that might not receive the same poleward driving force; this ques-
tion must be addressed in future work, e.g., within 2-D simulations using
the nonlocal escape integral forms for line-driving (Owocki and Puls 1996).
On the other hand, perhaps these findings can be interpreted as indicating
that other mechanisms, e.g. decretion, magnetic loops, or bistability zones,
should be examined as ways to produce the observed disks or equatorial
density enhancements inferred in Be and B e stars.

Whatever the ultimate resolution to these puzzles, we hope that the re-
sults here will spur a reexamination and questioning that ultimately leads to
a deeper understanding of the nature of hot-star mass loss. It is remarkable
that, more than two decades after introduction of the line-driving mecha-
nism in landmark papers by Lucy and Solomon (1970) and CAK, we are
still learning fundamentally new aspects of that intricate process.
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Discussion

R. Freir Ferraro: egarding your dynamical calculations of wind com-
pressed disks, are these numerical results dependent on the choice of the
initial conditions

Owoc i: ot very; as long as the initial condition contains some sort
of supersonic outflow, the final state approached is essentially the same.
This state does, however, depend sensitively on the boundary conditions,
particularly the assumed surface rotation speed.

M. Fried ung: Last une (at Paris B e star meeting), you said that
a solution would be if the Castor, Abbott, and Klein theory was not quite
right. Do you stand by this Also, putting in a magnetic field is to go back
to ideas of more than 30 years ago. y former thesis supervisor had a
theory of this sort.

Owoc i: For winds driven by mechanisms other than line-driving, the
WCD inhibition described here does not apply. Thus, if Be or Be star
winds were driven by, e.g., Alfven waves, they might still form WCDs.
Within line-driven wind models, there remains the question of whether it
is appropriate to assume a smooth flow with the line force given by the
CAK Sobolev form. For example, it remains to be investigated whether
the WCD inhibition will occur if one allows for small-scale instabilities to
break the material into dense clumps. egarding magnetic models, this idea
has indeed been around for a long time. The prospect for modern models is
enhanced by the ready availability of HD codes (e.g. Z S), which allow
one to readily simulate the full dynamics. Done carefully, such numerical
simulations can provide insight into many processes that are overlooked in
simplified, semi-analytic models.

P . Stee: Dont you think you can reduce o, down to, e.g., 1072,
meaning that you have a lot of optically thin lines in the equatorial region.

Owoc 1i: Formally, this is a free parameter, but in the end it must be
derived from a detailed line list. In practice, one rarely finds values smaller
than, say, a = 0.4.



