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Abstract. We derive the dynamics of a steady-state Wolf-Rayet wind using a non-isotropic
diffusion approximation applied to the transfer between strongly overlapping spectral lines.
Following the approach of Friend and Castor (1983), the line list is assumed to approximate
a statistically parametrized Poisson distribution in frequency, so that photon transport
is controlled by an angle-dependent, effectively gray opacity. We find that multiple radia-
tive momentum deposition is greatest when photons undergo a nearly local diffusion, e.g.
through scattering between many lines closely spaced in frequency. Our results reiterate
the view that the so-calied “momentum problem” of WR winds is better characterized as
an “opacity problem” of simply identifying enough driving lines. One way of increasing
the number of thick lines in WR winds is to transfer opacity from saturated to unsat-
urated lines, yielding a steeper opacity distribution than that found in OB winds. We
also consider the growth of instabilities, and find that WR winds are up to an order of
magnitude less unstable than OB winds if both are driven radiatively. However, initially
small perturbations can still be multiplied by many orders of magnitude as they advect
through WR winds.

1. The Second-Order NID Approximation

We first apply the effectively gray opacity model of Friend and Castor (1983)
to establish an overall opacity scale 7, and then write the radiative transfer
equation for the mean radiation field in spherical coordinates. This is
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where f(u) gives the angular dependence of the effectively gray opacity
(where f[1] = 1), and A is the mean free path between spectral line encoun-
ters for radial photons.

Equation (1) can be used to generate an infinite sum of derivatives of S(u)
by successively substituting the expression for I, into every appearance of I,
on the right-hand side. The objective in a diffusion approximation is to treat
these derivatives as small so that the sum may be truncated to some order.
In order to derive a non-zero instability, it is necessary to carry this sum to
second order in the quantity A/r. Of course, this approach will only be valid
if A/r << 1, which is the limit of extreme line overlap. The second-order
expansion gives that the desired angular dependence of I,, can be written as
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where §’ = 05/0r and S” = 925/07? are u mdependent to this order.

Evaluating S’ and S” by requiring a constant luminosity and assum-
ing effectively gray radiative equilibrium, and approximating the derivatives
of f(n), we obtain the expression for I, which simplifies at the point of
isotropic expansion (a characteristic point in the wind) to

ILVID = S 4+ 3uH - 3H% [1 — 3u? 4 u? (% —3,[L2) aﬁ—ﬁ—r] (3)
where H = L,/1677? is the astrophysical flux, « is the standard power-law
parameter for the line distribution (Castor et al. 1975), and ks and &, are
the free electron and radial effectively gray line cross sections per gram.

This approximation for the mean intensity allows us to find the growth
rate of small-scale radial velocity perturbations, evaluated at the radius of
isotropic expansion for simplicity. The result is dg/dv = Qg/vs,, where
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is essentially the fractional growth over a Sobolev length, and 2, ranges
from 0.5 to 1 as a varies from 0.5 to 0.7. We note further that A/r is of
order the inverse of the momentum efficiency factor Pying = Mvyc/ L., so
the growth rate is suppressed in high mass-loss winds. However, the number
of e-folds over the extent of the wind, denoted Njq, is still large, as seen
in Table 1 for a unitless mass loss rate of 103.

(2)

Table 1. Integrated Wind Attributes for Z:% =10%

a r Nfold Ttot(,u = 1) Pyind

.5 7 22 12 7

5 .5 35 13 9

.75 T 130 17 30

75 .5 230 24 40
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