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with the literature mass-loss rate is nearly indistinguishable from the best-fit non-porous
model, although the fit quality is formally not as good. More importantly, it requires
a terminal porosity length (the value of h in the outer portion of the wind) of at least
h∞ = 2.5 R∗ (68% confidence), as shown in the right-hand panel of Fig. 7. Even ignoring
the worse quality of the porous model fits, the very high values of the porosity length
required to fit the data are vastly larger than the porosity lengths seen in state-of-the-art
2-D radiation hydrodynamics simulations, which show LDI-induced structure down to
the grid scale (Dessart & Owocki, 2005).Therefore, I conclude that there is no compelling
evidence that porosity explains the modestly asymmetric X-ray line profiles in ζ Pup.
Rather, these profiles provide independent evidence for a reduced mass-loss rate.
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Figure 7. Best-fit wind profile model, for a non-porous wind (dashed histogram), fit to the Fe
xvii line in the Chandra spectrum of ζ Pup (left). The solid histogram is the best-fit porous
model for which the optical depth parameter is fixed at the value implied by the literature
mass-loss rate (τ∗ = 8). We also show confidence limits (68, 90, 95%) in h∞vs. τ∗ parameter
space (right). The global best-fit model is indicated by the star at h∞ = 0, τ∗ = 2. The star at
h∞ = 3.3, τ∗ = 8 represents the best-fit model with the wind optical depth fixed at the value
implied by the literature mass-loss rate. The horizontal bar centered on it represents the 68%
confidence limit on the value of h∞, given τ∗ = 8 (2.5 < h∞/R∗ < 4.0). The vertical line at
h∗ = 1 emphasizes that even that large porosity length cannot bring the optical depth close to
the value associated with the literature mass-loss rate.
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Discussion

Kudritzki: It is very important to repeat the observing experiment that you have done
for θ1 Ori C for young O stars, which are more massive and luminous than θ1 Ori C. I
speculate that for those objects, the magnetic focusing of the stellar winds will be less
effective, because the winds are stronger and the ratio of magnetic to mechanical wind
energy is lower. I think it is really crucial to do such observations.

Cohen: I agree. The degree of channeling and confinement, however, goes as B2 but
only as 1/Ṁ , so the extent of channeling and confinement in any given star is more likely
to be dominated by trends in magnetic field strength, which we don’t understand, than
by trends in mass-loss rate associated with stellar mass and luminosity. I think the key
measurements to make in order to test the idea that the MCWS mechanism on θ1 Ori
C is a paradigm for X-ray emission in young O stars would be Zeeman measurements
of fields on the massive cluster stars that are known to be strong, hard X-ray sources.
High-resolution X-ray spectroscopy would also be very useful, obviously, if it’s feasible.
As I discussed in my talk in the special session on magnetic massive stars on Sunday,
line widths and helium-like forbidden-to-intercombination line strength ratios provide
information beyond what’s provided by CCD-based (e.g. Chandra ACIS or XMM EPIC)
X-ray data.

Zinnecker: My question refers to θ1 Ori C and the origin of the obliquity between its ro-
tational axis and magnetic field axis. From star formation theory it would seem an aligned
magnetic rotator would be expected. Any suggestions to explain the misalignment?

Cohen: I don’t have any special expertise in star formation theory, but if models predict
aligned rotation and magnetic axes, then there must be some important physics missing
from them. Many of the magnetic massive stars have highly misaligned axes: τ Sco,
β Cep, and σ Ori E, for example, are all close to β = 90 degrees.

Skinner: A new paper by M. Güdel et al. (2008 Sci 319, 309) reports the first detec-
tions of hot (1 to 2 MK) diffuse X-ray emission in the extended Orion Nebula. This
article argues that massive Trapezium O stars (and their shocked winds) are ultimately
responsible for the diffuse X-ray emission detected by XMM-Newton.

Cohen: I think that the problem of heating the diffuse, X-ray emitting plasma in massive
star clusters is a hard one. The shocked wind (such as ζ Pup’s) will adiabatically cool
over distances much less than 1 pc. And the morphology of the X-rays isn’t what you’d
expect from the wind slamming into dense interstellar gas at the boundaries of these
cavities.

Walborn: There are currently only two O stars with observed magnetic fields, θ1 Ori
C and HD 191612. The latter can be understood as a spun-down version of the former,
with a rotational period of 538 d (vs. 15 d for θ1 Ori C), a soft X-ray spectrum, and
an age of 3 to 4 Myr. Nevertheless, it is a very unusual object, with a very peculiar
spectrum and extreme, periodic spectral variations. So these two stars are inconsistent
with your hypothesis that θ1 Ori C is a typical very young O star, and that magnetic
fields have disappeared at ∼ 5 Myr. I think that both of these objects are unusual areas
of large fossil fields. An alternate interpretation of your cluster X-ray differences might
be different frequencies of wind-wind collision binaries.
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Cohen: While I agree than wind-wind collision binaries may make a significant contri-
bution to the observed population of hard, strong X-ray sources in young clusters, I think
we need more information about the highly unusual O star, HD 191612, not to mention
more positive detections or strong upper limits to magnetic field strengths in other O
stars, both young and old. The X-ray spectrum of HD 191612 looks like that of a typical,
older O star, with very broad lines and an SED that is quite soft. Perhaps the fields of
young O stars like θ1 Ori C become more spatially structured as they evolve. It’s possible
that HD 191612 has a field that looks more like that of tau Sco and is not dominated by
a large scale dipole. If that’s the case, then there may not be any large-scale confinement
and channeling of the stellar wind, and no substantial MCWS mechanism. The X-ray
emission may instead arise in open field regions, in a loose analogy to the solar wind and
coronal holes.

David Cohen.

Joachim Puls.


