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ABSTRACT

We investigate the degree to which the nearly symmetric form of X-ray emission lines seen in
Chandra spectra of early-type supergiant stars can be explained by the porous nature of their spatially
structured stellar winds. Such porosity could effectively reduce the bound-free absorption of X-rays
emitted by embedded wind shocks, and thus allow a more similar tranmission of red- and blue-shifted
wind emission from the back and front hemispheres. Here we characterize this porosity in terms of
a typical scale ℓ and volume filling factor f required to make individual clumps optically thick, as
required for the effective self-shielding of material that is central to the porosity effect. For a simple
parameterization in which the “porosity length” h ≡ ℓ/f increases with local radius r as h = h′ r, we
find that a substantial reduction in wind absorption requires a quite large porosity length gradient,
h′ ∼> 1, implying large porosity lengths h ≈ r. The associated wind structure must thus either
have either a relatively large scale ℓ ∼< r, or a small volume filling factor f ≈ ℓ/r ≪ 1, or some
combination of these. We argue that the relatively small-scale, moderate compressions generated
by intrinsic instabilities in line-driving are unlikely to give such large porosity lengths. This raises
questions about whether porosity effects could play a significant role in explaining nearly symmetric
X-ray line profiles, leaving again the prospect of instead having to invoke a substantial (ca. factor 5)
downward revision in the assumed mass loss rates.
Subject headings: line: profiles — stars: early-type — stars: mass loss — stars: winds, outflow —

X-rays: stars

1. INTRODUCTION

The high sensitivity and high spectral resolution of
spectrometers on the Chandra X-ray observatory have
made it possible to resolve X-ray emission line profiles
from several hot, bright supergiant stars, e.g. ζ Pup and
ζOri. The general broadness of these emission lines, with
velocity half-widths of ca. 1000 km/s, is generally con-
sistent with the idea that the X-rays are emitted in the
expanding, highly supersonic stellar wind, perhaps from
embedded shocks generated by instabilities associated
with the line-driving of the overall wind outflow. How-
ever, these profiles are also generally quite symmetric
between the red and blue side, implying a relative small
degree of attenuation of the red side emission thought to
originate in the back hemisphere relative to the observer.

In the standard wind-shock picture, the X-ray emit-
ting gas is expected to only occupy a small fraction (<
1%) of the volume, with the bulk of the wind consisting
of relatively cool material with a substantial X-ray opac-
ity from bound-free transitions of He and heavier ions.
For expected mass loss rates for these stars, the bound-
free optical depths along a radial ray to the surface are
expected to be of order τ∗ ≈ 10, Since this implies a
substantial attenuation of red-shifted emission originat-
ing from the back hemisphere, the expected X-ray emis-
sion line profiles have a marked asymmetric form, with a
much stronger blue side and lower, more attenuated red
side. Within a simple parameterized model, fitting the
more symmetric oberved profiles has required a substan-
tial (factor 5!) reduction in the assumed wind mass loss
rates. If substantiated, such a radical reduction in su-
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pergiant mass loss would have far-reaching consequences
for both massive star evolution and the broad influence
of wind mass loss on the structure of the interstellar
medium.

This paper investigates an alternative scenario in which
the reduction in wind attenuation might instead re-
sult from a spatially porous nature of the stellar wind.
If wind material is compressed into localized, optically
thick clumps, then red-shifted emission from the back
hemisphere might be more readily transmitted through
the relatively low-density, channels or porous regions be-
tween the clumps. Feldmeier, Oskinova, & Hamman
(2003) and Oskinova, Feldmeier, & Hamman (2004) have
in fact examined such effects in quite detailed models
that assume a specific “pancake” form for the dense
structures, under the presumption that these would arise
naturally from the strong radial compressions associated
with the intrinsic instability of the line-driving of such
hot-star winds. Although 1D models of the nonlinear
evolution do lead to compression into geometrically thin
shells (Owocki, Castor, & Rybicki 1988; Feldmeier 1995),
recent 2D models (Dessart & Owocki 2003, 2005) suggest
the structure may instead break into clumps with a sim-
ilarly small lateral and radial scale.

MORE ON WHY OUR PARAMETERIZED AP-
PROACH HAS ITS ADVANTAGES FOR ILLUMINAT-
ING THE KEY PROPERTIES NEEDED TO MAKE
POROSITY WORK

2. CLUMPING VS. POROSITY EFFECTS IN A
STRUCTURED MEDIUM

2.1. Density-Square Clumping Correction

Before discussing how porosity effects can alter single-
density diagnostics like bound-free absorption, it is help-
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ful first to review briefly the usual account of how the
clumping of a medium can alter diagnostics that scale
with the square of the density. For example, emission or
absorption from atomic states that arise from recombi-
nation or collisional excitation depend on the proximate
interaction of two constituents, e.g. electrons and ions,
and thus scale with the product of their individual par-
ticle density, e.g. neni, which for a fixed ionization and
abundance is simply proportional to the square of the
mass density, ρ2. The effect of spatial structure on such
diagnostics is thus traditionally accounted for in terms
of a simple density-square clumping correction factor,

Cc ≡
〈

ρ2
〉

〈ρ〉2
, (1)

where the angle brackets denote a volume averaging. For
example, in a simple model in which clumps of scale ℓ
and mass mc are separated by a mean distance L ≫ ℓ,
the mean density is 〈ρ〉 = mc/L3, whereas the individual
clump density ρc = mc/ℓ3 = 〈ρ〉 (L/ℓ)3. Application in
eqn. (1) then implies that the clumping correction is just
given by the inverse of the volume filling factor,

Cc =
L3

ℓ3
≡ 1

f
. (2)

For diagnostics of wind mass loss rate, e.g. Balmer or
radio emission, the associated reduction in inferred mass
loss scales as Ṁ ∼

√
Cc.

A key point here is that this density-squared clump-
ing correction depends only the volume filling factor,
f = ℓ3/L3, and not on the scale ℓ of individual clumps.
As long as the emission can escape from each local emit-
ting clump, the correction factor thus applies to structure
ranging, for example, from very small-scale instability-
generated turbulence, to possible stellar-scale magneti-
cally confined loops.

2.2. Porosity Reduction in Linear-Density Opacity for
Optically Thick Clumps

The attenuation of X-rays emitted within a stellar wind
occurs through bound-free absorption, primarily from
the ground-state. Since this is the dominant stage of
the absorbing ions, and exists independently of interac-
tion with other particles, the associated absorption scales
only linearly with density, with the volume opacity (at-
tenuation per unit length) given by χ = κρ, where the
mass opacity (mass absorption coefficient) has units of a
cross section per unit mass, e.g. cm2/g in CGS.

If, however, we consider the above clump model in the
case when the individual clumps are optically thick, then
the “effective opacity” of the clump ensemble can be writ-
ten in terms of the ratio of the physical cross section of
the clumps to their mass,

κthick
eff =

ℓ2

mc

=
κ

τc

; τc ≫ 1 . (3)

The latter equality shows that, relative to the atomic
opacity κ, this effective opacity is reduced by a factor
that scales with the inverse of the clump optical thick-
ness, τc = κρcl = κ 〈ρ〉 l/f .

Note that the clump optical thickness that determines
the effective opacity reduction depends on the ratio of
the clump scale to the volume filling factor, a quantity

which we shall call the “porsosity length” h ≡ ℓ/f . This
represents an essential distinction between the porosity
effect and the usual density-squared clumping correction,
which as noted above depends only on the volume filling
factor without dependence on the clump size scale.

The above scaling also serves to emphasize another key
requirement for porosity, namely the local self shielding
of material within optically thick clumps, allowing then
for a more transparent transmission of radiation through
the “porous” interclump channels.

3. GENERAL POROSITY LAW BRIDGING OPTICALLY
THIN AND THICK CLUMP LIMITS

To generalize the above effective opacity to a scaling
that applies to both the optically thick and thin limits,
consider that the effective absortion of clumps is set by
the geometric cross section times an absorption fraction,
σeff = ℓ2[1 − exp(−τc)]. Applying this to modify the
scaling in eqn. (3), we obtain a general porosity reduc-
tion in opacity of the form,

κeff

κ
=

1 − e−τc

τc

. (4)

This gives the reduced opacity κeff/κ ≈ 1/τc of eqn. (3)
in the optically thick clump limit τc ≫ 1, but recovers
the atomic opacity κeff ≈ κ in the optically thin limit
τc ≪ 1.

An alternative bridging scaling can be derived by fo-
cussing on the effective mean path length within the
medium, which scales with the inverse of the effective
volume opacity, 1/κeff 〈ρ〉. Within a model in which
such an effective opacity adds in inverse of contributing
components (much as Rosseland mean opacity defined
for weighting frequency-averaged opacity), we add the
microscopic and clump components of path length as,

1

κeff 〈ρ〉 =
1

κ 〈ρ〉 + h , (5)

where we note that the porosity length defined above also
defines a mean free path between clumps, h ≡ ℓ/f =
L3/ℓ2. This scaling solves to a general effective opacity
scaling of the form

κeff

κ
=

1

1 + τc

. (6)

This again gives both the correct forms in the oppo-
site asymptotic limits of optically thin vs. thick clump,
though for moderately small optical depths τ ∼< 1, Tay-
lor expansion shows the reduction is somewhat steeper
for the mean-path form, i.e. as 1 − τc instead of the
slightly weaker 1−τc/2 for the absorption scaling of eqn.
(4). Fig. 1 compares the full variation of each form with
clump optical thickness.

4. POROSITY EFFECT ON WIND OPTICAL DEPTH

APPLICATION OF MFP FORM TO WIND OPTI-
CAL DEPTH INTEGRAL, EMPHASIZING THE DE-
PENDENCE ON THE POROSITY LENGTH, AND
SHOWING THE ANALYTIC OPTICAL DEPTH IN-
TEGRALS FOR THE CASE WITH h=h’ r.

5. POROSITY EFFECT ON X-RAY EMISSION LINE
PROFILES
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Fig. 1.— Comparison of absorption (upper curve) and mean-
path (lower curve) scalings of effective opacity of porous medium,
plotted as a function of clump optical thickness τc.

APPLICATION OF ANALYTIC OPTICAL DEPTH
SOLUTION IN THE OC01 PARAMETERIZATION,
SHOWING THAT SIGNIFICANT CHANGES IN RE-
SULTING PROFILE REQUIRE h’=1, IMPLYING
LARGE POROSITY LENGTHS.

6. DISCUSSION

DISCUSSION OF GENERAL IMPLICATIONS OF
LARGE POROSITY LENGTH REQUIREMENT FOR
LIKELIHOOD THAT POROSITY COULD BE GEN-
ERAL EXPLANATION FOR SYMMETRIC PRO-
FILES. SPECIFICALLY COMMENT ON DIFFI-
CULTY OF GETTING SUCH LARGE POROSITY
LENGTHS FROM LDI. EMPHASIZE ALSO THAT
POROSITY MODEL HERE MORE LIKELY OVERES-
TIMATES A MORE REALISTIC MODEL, E.G. WITH
DISTRIBUTION OF POROSOSITY LENGTHS.

7. SUMMARY

SUMMARIZE RESULTS; DISCUSS FUTURE
WORK. EMPHASIZE IMPLICATIONS OF NEED TO
LOWER MDOTS.
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