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Abstract. We study the role of radiatively driven winds in the forma-
tion of PNe. The modulation of these winds due to stellar rotation, and
Von Zeipel gravity darkening, are both considered. Rotation produces
a wind that is faster at the poles but denser at the equator. The Von
Zeipel effect, which states that the stellar flux is proportional to the ef-
fective surface gravity, results in the inverse density distribution, giving
a wind that is both faster and denser at the poles. Both these effects
produce bipolar nebulae for large rotational velocities of the star.

1. Introduction

Planetary nebulae (PNe) exhibit a diverse morphology, as outlined so effectively
in these proceedings. While there appears to be no universally accepted mor-
phological classification (see Manchado, these proceedings), it is quite clear that
the majority of PNe do not show spherical symmetry. The predominance of
non-spherical planetaries has led to much speculation regarding the origins of
the asphericity. One of the commonly accepted models, the Generalized Inter-
acting Stellar Winds model (see Frank 1999 and references within), attributes
the deviation from spherical structure to a higher density in the equatorial re-
gions of the surrounding material. This inhibits the nebular expansion at the
equator, leading to a prolate or bipolar morphology.

This idea has been explored by many authors (Mellema & Frank 1995;
Dwarkadas, Chevalier and Blondin 1996), who have shown that, depending on
the nature of the asymmetry in the surrounding medium, a vast variety of mor-
phological shapes can be obtained. The origin of this enhanced equatorial den-
sity distribution however remains unknown. Suggestions include the presence
of a disk, which could be formed by rotation or common envelope evolution;
the presence of magnetic fields, and the role of binary companions (Livio 1995).
None of these models however are generally applicable, and each requires fine-
tuning of the conditions. Furthermore, it is highly unlikely that an equatorially
enhanced density distribution is present in all aspherical nebulae.

Herein we use the theory of radiatively driven winds to show that in the
case of a rotating star, a wind driven by stellar radiation will be aspherical,
with a higher velocity at the equator than at the poles. This asphericity arises
naturally from the theory of line-driven winds, and the aspherical wind blowing
into a spherical medium results in the formation of an elliptical or bipolar nebula.
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2. Radiation Driven "Winds

For a star with luminosity L, the CAK , line-driven mass loss rate (Castor,
Abbott & Klein 1975) can be written in terms of the mass flux rh == M141fR2

at the stellar surface radius R, which then depends on the surface radiative flux
F == L141fR2 and the effective surface gravity geff == (GMIR2 )(I - T') through
(Owocki, Cranmer & Gayley 1998; Dwarkadas & Owocki 2002)

. F 1/ a 1-1/0.
m ex: geff. (1)

geff(f}) = 9 [1 - KeF/ gc - 0 2 sin2
()] , (2)

where 0 == wlwc , with w the star's angular rotation frequency, and W c == JgIR.
If the radiative flux F is constant over the stellar surface, then the second

term in equation (3) becomes "'eFIgc == r, and application of equation (2) yields

where a < 1. For a rotating star, reduction by the radial component of the
centrifugal acceleration yields an effective gravity that scales with co-latitude fJ
as

rh(fJ)
rh(O) [

gef f (fJ ) ] 1-1/0< = [1 _02Sin2(}] 1-1/0.

geff(O) 1 - I'
(3)

Since the exponent 1 - IIa is negative, the mass flux from such a uniformly
bright, rotating star increases from the pole (fJ == 0) to the equator (fJ == 90).

However, if F(fJ) ex: g(l - 0 2 sin 2 fJ) (gravity darkening effect, von Zeipel,
1924) then this yields the mass flux scaling

rh(fJ) _ F(fJ) -1-02. 2fJ
rh(O) - F(O) - SIn

(4)

Thus, when gravity darkening is taken into account, the mass flux is highest at
the poles, and decreases towards the equator.
For an uniformly bright star, the latitudinal variation of terminal speed goes as:

(5)

where the polar speed itself scales as voo(O) rv J9R(1- I'},
For a gravity-darkened star, the scaling of the effective gravity with

1 - 0 2 sin2 fJ now implies

(6)

3. Numerical Simulations

Using the above scalings to describe the wind variation with latitude, we have
carried out hydrodynamic simulations of such a wind running into either a con-
stant density medium, or another wind. These simulations were carried out
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Figure 1. Density contours from simulations of an aspherical
radiatively-driven wind from a rotating star. As the rotation parameter
n== OJ(1- r) (see text) increases, the shape of the resulting planetary
nebula changes from spherical to bipolar.
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Figure 2. Density contours from simulations of an aspherical
radiatively-driven wind from a rotating star, when the effect of gravity
darkening is taken into account. The morphology is similar to the case
of pure rotation, although the interior density distribution is different.

using the VH-l code, a 3-dimensional hydrodynamic code based on the Piece-
wise Parabolic Method.

Figure 1 shows results from the simulations for various values of the rotation
parameter flj(l-r). These results are in the early stages of the expansion, when
the nebula has not yet reached an energy conserving stage, and there is no hot
bubble that is driving the expansion. We see that as the rotation parameter
increases from about 50% of critical to about 90% of critical, the shape of the
resulting nebula goes from almost spherical to distinctly bipolar.

Figure 2 shows the results of simulations when the effects of gravity darken-
ing are also taken into account. As is seen from the figure, the overall morphology
of the nebula is quite similar to the case with pure rotation, although the interior
density distribution is different.
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4. Discussion

We have shown that radiatively driven winds from a fast rotating star can give
rise to bipolar nebulae. The advantage of this model is that no external, ad-hoc
asymmetry in the ambient medium is required. In the application of this theory
to PN formation however, two questions arise:

• Can the winds from PNe be accurately described by the line-driven wind
theory assumed herein? The mechanism that drives the wind from the central
star of a PNe is not well known. However the line-driven wind mechanism is
well known to explain the winds from hot stars such as 0, B and to a certain
extent Wolf-Rayet stars (see Pauldrach et aI., this volume). So at least for those
PNe which have 0 and WR-type central stars, radiative driving may explain
the origin of the winds. Even if the line-driven mechanism described here is not
appropriate, the high stellar temperature of a PN central star makes it likely
that radiation is somehow responsible for driving the wind.

The morphology of the nebula is mainly due to the asymmetric wind veloc-
ity. It is reasonable to assume that given the oblateness of a fast, rotating star,
the overall trend of velocity being much higher at the poles than at the equator
is quite robust. This will always result in the formation of prolate or bipolar
nebula, although the exact scaling relation described herein may not apply. Such
a velocity distribution is actually observed in the carbon star V Hya (Kahane
et al. 1996). This leads us to the second important question:

• Are the central stars of PNe fast rotators? PNe evolve from AGB stars,
which themselves are not thought to be fast rotators. However a binary compan-
ion can spin-up the star tidally (Livio 1995). Common envelope binary mergers,
where the companion spirals in and is engulfed by the primary, may lead to a
spin-up during the spiraling process. For the carbon-rich star V Hya, Barnbaum
et al, (1995) find that the equatorial rotation velocity may be as high as 26 km/s,
a sizeable fraction of the centrifugal 'break-up' velocity. Although only a single
example, it does indicate that fast rotation cannot be ruled out.
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