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Abstract. The standard theory of radiation driven winds has provided a useful framework to
understand stellar winds arising from massive stars (O stars, Wolf-Rayet stars, and luminous
blue variables). However, with new diagnostics, and advances in spectral modeling, deficiencies
in our understanding of stellar winds have been thrust to the forefront of our research efforts.
Spectroscopic observations and analyses have shown the importance of inhomogeneities in stellar
winds, and revealed that there are fundamental discrepancies between predicted and theoretical
mass-loss rates. For late O stars, spectroscopic analyses derive mass-loss rates significantly lower
than predicted. For all O stars, observed X-ray fluxes are difficult to reproduce using standard
shock theory, while observed X-ray profiles indicate lower mass-loss rates, the potential impor-
tance of porosity effects, and an origin surprisingly close to the stellar photosphere. In O stars
with weak winds, X-rays play a crucial role in determining the ionization balance, and must be
taken into account.
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1. Introduction

Although our understanding of massive star winds has improved dramatically numer-
ous problems remain. There are inconsistencies between theoretical mass-loss rates and
terminal velocities and those observed. Wind profiles are variable, and show structure not
predicted by the standard model. Atmospheric lines reveal evidence for photospheric mo-
tions of unknown origin. While there is consensus that X-rays generally arise from shocks
generated by instabilities in the wind we still do not qualitatively understand their pro-
duction (e.g, Feldmeier 1997). A more detailed account of recent results obtained from
X-ray observations of massive stars is given by Cohen (this volume).

The reasons for the discrepancies are not hard to find. To model the mass-loss process,
and the spectra, we generally make standard assumptions. In particular we assume (a)
stationarity, (b) spherical symmetry and (c) homogeneity. Further we assume that the
winds are driven by radiation pressure, and that the momentum, generally only imparted
directly to a few species, is shared among all species. In all early-type stars many of these
assumptions are invalid.

The reasons why the assumptions are likely to be invalid are clear. First, and foremost,
stellar winds are variable. This is expected since radiation-driven winds are intrinsically
unstable (Lucy & Solomon 1970, Owocki et al 1988). On a local scale dX/dt, at any given
location, is non-zero (X is an arbitrary variable) although on a global scale the statistical
properties of the wind may be constant. Emission profiles in some Wolf-Rayet (W-R)
stars, for example, often show surprising constancy, and exhibit only small-scale pertur-
bations. Thus for these stars the statistical properties of the wind are fairly constant in
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time. In such cases it may be possible to ignore the time variability and use a statistical
approach to model the spectra.

A direct manifestation of the instability is that winds cannot be homogeneous — they
must be clumped. Evidence for clumping is widespread. It manifests itself through line-
profile variability in both O (Eversberg et al. 1998) and W-R stars (Lépine & Moffat
1999). Clumping also influences the relative strength of density squared diagnostics (Ha
in O stars, most emission lines in W-R stars, infrared and radio free-free continua) and
density diagnostics (electron scattering wings on W-R stars and luminous blue variables
(LBVs) [e.g., Hillier 1991]), X-ray profile shapes (e.g., Kramer et al. 2003), and the
strength of some resonance lines (e.g., Pv) in O stars (e.g., Crowther et al. 2002; Hillier
2003; Hillier et al. 2003).

Clumping is usually incorporated into spectral modeling using the volume-filling factor
approach. This approach explicitly assumes that the clumps are small relative to a photon
mean-free path — an excellent assumption for continua but less valid for lines. It ignores
the fact that at any given radial location clumps will have a range of densities and sizes,
and consequently different ionizations. It ignores the possibility that a clumped wind can
be porous — that opacity can be hidden in dense clumps — and hence that photons can
escape more freely. Porosity comes in two forms — spatial (or classical) porosity and
velocity porosity (vorosity). Classical porosity refers to the porosity induced by spatial
variations in density — it affects both line and continuum photon transfer. Oskinova
et al. have argued that porosity has important influences on X-ray (Oskinova et al.
2007)(but see Owocki & Cohen 2006 and Cohen, this volume, for an alternative view)
and UV line profiles (Oskinova 2007). Vorosity (a term introduced by Owocki 2008)
refers to the porosity induced by spatial variations in velocity, and affects only lines. In a
smooth wind, all velocities are present and properties vary smoothly. In a clumped wind,
velocities may change abruptly along a given sight line, and some velocities (because of
their low density/spatial extent) may have little influence on line emission/absorption.

Other effects, often neglected, but which can have a substantial influence on spectra,
spectral analysis, and winds include rotation and magnetic-fields. Further, the treatment
of photospheric velocity fields (microturbulence and macroturbulence) is simplistic.

2. Microturbulence & Macroturbulence

Microturbulence refers to small scale velocity variations, while macroturbulence refers
to large scale motions. Unfortunately in early-type stars, because of their large rotation
velocity, microturbulence cannot be measured directly. Instead it is determined by using
it as a free-parameter to achieve consistency between abundances derived from weak and
strong lines. Macroturbulence can be inferred from profile shapes — in particular profiles
tend to depart from the classic parabolic rotation profile, and show more Gaussian-like
profiles. In O stars, microturbulent velocities are of order the sound speed — in dwarfs
they tend to be lower than the sound speed but they can be larger than the sound speed
in supergiants. Of course, macroturbulence and microturbulence are just limiting forms.
In reality, spectra should be computed using the full 3D photospheric velocity field. When
this is done for the Sun, where photospheric motions are related to convection, there is
no need for turbulence (Asplund et al. 2000).

Work by Simén-Diaz and Herrero (2007) has shown that the Fourier technique provides
a reliable means to separate rotational broadening from other broadening mechanisms
in early-type stars. In agreement with earlier work, they find that macroturbulence is
generally negligible in dwarfs (compared with rotational broadening) but very important
in supergiants which tend to have, on average, lower rotational velocities than dwarfs.
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Based on Gaussian broadening, macroturbulence velocities of 5 to nearly 100 kms~! can
be inferred to exist in supergiants.

The origins of turbulence in O stars is unknown. It might be related to pulsational
instabilities, although evidence for pulsation is not seen in all O stars. However, evidence
for the influence of pulsations has been inferred, for example, from variability studies
of A and B supergiants by Kaufer et al. (1997, 2007). A second alternative is that the
turbulence is related to instabilities in the stellar wind — indeed it is possible that there
might be a strong coupling between the turbulence and the wind. Another possibility
is that the turbulence is related to instabilities — instabilities that can occur when a
star is close to the Eddington limit (e.g., Shaviv 2001, Stothers 2003). A final alternative
is that turbulence might be related to weak surface convection zones known to exist in
some massive stars (e.g., Stothers 2003, Maeder et al. 2008).

3. Wind dynamics and theoretical mass-loss rates

It is now generally accepted that O & W-R winds are clumped, with mass-loss estimates
from density squared diagnostics overestimating the true mass-loss rates by factors of 2
to 10, with more moderate values (factor of 3) preferred. Recently, Bouret et al. (2008a,
2008b) have analyzed ¢ Pup. Using a combination of diagnostics they find a volume-filling
factor of 0.05, together with a mass-loss rate of 1.7 x 107 My yr~!, which is a factor
of 2.8 lower than the predictions of Vink et al. (2000; abundances from Allen 1973).
Calculations using CMFGEN (with non-CNO abundances from Cox 2000) show that the
momentum deposition is reasonably consistent with that needed to drive the flow —
there is slightly too much force in the outer regions, and near-consistency in the inner
regions can only be achieved with a fast velocity law (8 < 1)(see Bouret et al. 2008b for
more details).

Two major groups have derived theoretical mass-loss rates for O stars. The Munich
group (e.g., Pauldrach et al. 1990 & references therein) solves for the momentum-balance
equation at selected radii, while Vink et al. (2000) use a global momentum argument to
deduce the mass-loss rate. Reasonable agreement between the groups is obtained. The
level of agreement between theoretical and observed mass-loss rates is unclear. Compari-
son is made difficult by uncertainties in distances, uncertainties in stellar parameters and
abundances, and the unknown correction for clumping (e.g., Markova et al. 2004, Puls
et al. 2006). Work by Puls et al. (2006) shows that clumping is less in the radio region
than in the Ha formation region, but the actual clumping in the radio region is unknown.
Suggestions have also been made that clumping only affects mass-loss rates derived from
Ha when it is in emission (i.e., supergiants; Markova et al. 2004, Mokiem et al. 2007).

Microturbulence can have a substantial influence on the wind dynamics (Poe et al.
1990) and line force (Hillier et al. 2003) around the sonic point. Recently, a study of the
influence of microturbulence on mass-loss rates has been undertaken by Lucy (2007a,
2007b). For the single case studied, Lucy found a mass-loss rate a factor of a few lower
than earlier predictions. Lucy’s work also highlights many of the uncertainties in under-
standing wind dynamics, even in a time-steady situation. What is the meaning of the
CAK critical point (Castor et al. 1975)17? Is it really the CAK critical point that sets
the mass-loss rate? Can information from the CAK critical point be communicated, by
Abbott waves, back to the photosphere?

1 The critical point that comes from an analysis of the momentum equation for radiation
driven winds is commonly referred to as the CAK critical point, after its discoverers Castor,
Abbott, & Klein (1975). For basic insights into radiation driven stellar winds see Lamers and
Cassinelli (1999).
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Owocki & Puls (1999) have emphasized the key role of gradients in the diffuse, scattered
radiation in setting the mass loss driven through the sonic point. Lucy (2007b) claims
that it is really the sonic point that is the critical point in a line driven flow. Practically
this appears not to be the case — the velocity gradient can generally be adjusted at
the sonic point (where the dynamical and pressure terms balance) so that the line force
balances gravity. It is above the sonic point that difficulties appear — the line force now
has to balance both gravity and the dynamical term since the pressure term rapidly
becomes negligible.

The role of the sound speed in CAK theory is complicated. In models where the sound
speed is neglected, multiple solutions to the wind momentum equation exist. In this
situation, the mass loss is taken as the critical solution which provides a unique velocity
law. In this case, the deduced mass-loss rate is the maximum mass loss that can be
driven by the flow. When sound terms are included, this maximum mass-loss solution is
essentially equivalent to that found from the critical point analysis. Owocki and ud-Doula
(2004; see their Appendix A) applied a perturbation expansion approach to examine how
inclusion of a finite sound speed affects the mass-loss rate and terminal flow speed in a
CAK wind. The results show the relative changes scale with the ratio of sound speed
to escape speed, with mass loss increasing and flow speed decreasing, both typically by
about 10% relative to a zero-sound-speed model.

4. Low Mass Rates

For stars with log L/Ls < 5.2, mass-loss rates derived from UV analysis are often
much lower than predicted by standard radiation driven wind theory (Bouret et al.
2003; Martins et al. 2004, 2005). The weak wind problem is actually two problems —
stars which have weak winds for their spectral type (Vz stars, Walborn 2000) and stars
which have low mass-loss rates in comparison with that predicted using the standard
relationships between the modified wind momentum and luminosity. The reasons for the
discrepancies are not well understood, but there are several plausible explanations.

First, all single O stars appear to be X-ray emitters with Lx/Lp,] ~ 1077 (Sana et al.
2006, and references therein), with evidence that Lx/Lp,) increases for Ly, < 10%8.
Surprisingly, Lx does not correlate with wind properties in the expected manner. Since
M ~ L? (Vink et al. 2000), X-rays will have a larger influence on the wind ionization at
low luminosities and must be allowed for (e.g., Martins et al. 2005). Second, since X-ray
emission (naively) scales with M?, the fraction of X-ray emitting gas must be larger
in stars with weak winds — indeed it is possible that for stars with very weak winds
a significant fraction of the wind is in the hot state (7" > 10° K). The later conclusion
follows from simple cooling arguments. In stars such as ¢ Pup, the shocked gas will cool
rapidly. In stars with low mass-loss rates and hence wind densities, the cooling length can
be comparable to the spatial scale length (1/r). In addition, conduction effects between
the hot and cool gas can be important (Lucy & White 1980). Given these effects, low
density winds will be far from homogeneous, even on large scales.

Weak wind stars also have few wind diagnostics. Ha responds only weakly, if at all, to
the mass-loss rate. Indeed if there is any sensitivity, it is only in the core, which is problem-
atical for mass-loss determinations since core intensities are difficult to model accurately.
In the recent study by Mokiem et al. (2005), 10 Lac was found to have a Ha mass-loss
rate less than that predicted by radiation driven wind theory. While marginally consis-
tent (20) with predictions of radiation driven wind theory it is only an upper limit —
the data is also consistent with a mass-loss rate an order of magnitude lower than pre-
dicted theoretically.
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In the UV we only have a few resonance lines to study the wind — Sitv, C1v, Nv, O vI.
In general, none of these lines belong to the dominant ionization stage in the wind, and
hence accurate mass-loss rates require accurate abundances, accurate atomic models, and
an accurate description of the UV and X-ray radiation fields. The later is problematical
since we don’t have an adequate theory for the origin of X-rays in O stars.

4.1. 10 Lac

Recently, Lanz et al. (2008) have undertaken a detailed optical/UV study of 10 Lac using
TLUSTY (Hubeny & Lanz 1995) and CMFGEN (Hillier & Miller 1998). The difficulty
of determining accurate mass-loss rates in low luminosity stars can be observationally
illustrated by comparing resonance profiles in 10 Lac (O9V) and 7 Sco (BOV). The C1v
and NV profiles are very similar in the two stars. While wind absorption due to O VI is
strongest in 10 Lac it is also present in 7 Sco (Lamers & Rogerson 1978). Conversely,
Si1v wind absorption can be seen in 7 Sco, but it is absent in 10 Lac. The latter property
is consistent with the stars’ spectral types, while the presence of O VI requires, in both
stars, super-ionization caused by X-rays. The similarity of the C1v and NV profiles
seems highly fortuitous, especially since 7 Sco is known to possess a strong magnetic
field (B~500 Gauss, Donati 2006), it has a higher Lx/Lp (Berghdfer et al. 1996) than
10 Lac, and its narrow line X-ray spectrum does not fit the standard wind shock model
(Cohen et al. 2003).

From a theoretical point of view, the derived UV mass-loss rates appear to be too low.
In typical models, momentum deposition in the winds is much larger than needed to drive
the flow, indicating a fundamental discrepancy with the models. The discrepancy can be
best illustrated by noting that a single strong resonance line can drive a mass-loss rate
of ~ L/c® (Lucy & Solomon 1970; see also Lamers & Rogerson 1978). For 10 Lac, with
L = 10° L, the predicted mass-loss rate is ~ 7 x 107 M, yr~!, and since we do observe
a strong saturated UV resonance line (the O vi A1032 component is almost black in
10 Lac), this must be regarded as a lower limit to the mass-loss rate. Unfortunately, with
this mass-loss rate, the theoretical C1v resonance line is much stronger than observed.

5. Rotation

While O stars are often rapid rotators, the rotation is generally ignored in stellar anal-
ysis, except that it provides a broadening mechanism which smears out line profiles. The
influence of rotation on photospheric lines can be performed, to a good approximation,
by a simple convolution. However, this procedure does not work for wind lines which
form over a range of radii, and (because of conservation of angular momentum) over a
range of rotation velocities. Thus for wind profiles, one must resort to 2D calculations
(Perentz & Puls 1996, 2000; Busche & Hillier 2005). For simplicity, the work of Busche &
Hillier (2005) assumes that the necessary opacities and emissivities can be obtained from
1D calculations using simple scaling relations, and accurate profiles are then computed
using a 2D formal solution. While their effects on the derived mass-loss rate, for example,
are not huge, their neglect can lead to erroneous results when trying to determine more
subtle effects such as the variation of velocity or volume-filling factor with radius. This is
highlighted in recent calculations undertaken by Bouret et al. (2008b, and this volume)
for ¢ Pup, which is a moderately fast rotator. By correctly allowing for rotation, consid-
erably improved profile fits could be obtained, providing much greater confidence in the
analyses. These calculations only allow for the effects of rotation on the radiative transfer
— it remains to be seen whether departures in density from a spherical distribution and
gravity darkening also have a significant influence on observed line profiles.
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6. Conclusion

While considerable advances have been made in our understanding of stellar winds it is
clear that major uncertainties remain. To make progress, it is essential that we allow for
the correct boundary conditions at the base of the photosphere, and that the stochastic
nature of the winds is taken into account. There are still uncertainties in the meaning
and role of Abbott waves which need to be resolved. Further, the origin of X-rays and
their influence on the ionization structure and wind dynamics needs to be considered.
Detailed dynamical work, together with detailed quantitative spectral analysis using all
spectral bands, should allow significant advances to be made over the next decade.
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Discussion

OwocCKI: If turbulence in the transonic region “chokes” the wind, and leads to a lower
mass-loss rate, you would expect the line force in the outer wind, which scales as
(1/pdv/dr)®, to give a higher acceleration leading to a much higher terminal speed.

HiLLIER: Agreed, however I think models fully consistent with the observations need to
be analyzed to see if there are inconsistencies with the new lower mass-loss rates. For
¢ Pup, the wind momentum deposition is reasonably consistent with that needed to drive
the wind. It is a little too large in the outer region, and we struggle to drive the wind just
above the sonic point but given the coarse treatment of clumping and the neglect of time
dependent effects I don’t think we have a major problem. For stars such as 10 Lac, how-
ever, we do have a major problem (as noted in the text) with the low mass-loss rates —
the large force in the outer region would lead to terminal velocities much larger than
those observed.
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