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ABSTRACT

We present a calculation of the transmission of X-rays in a spherically symmetric, partially optically
thick stellar wind which can be used to model the broad-band soft X-ray emission due to shock-heated
plasma distributed throughout a massive star’s wind. We find the transmission by an exact integration
of the formal solution, assuming the emitting plasma and absorbing plasma are mixed at a constant
density ratio above some minimum radius, below which there is assumed to be no emission. This
model is more realistic than either the slab absorption associated with a corona at the base of the
wind or the exospheric approximation that assumes all the emission arises at and above the radius
of optical depth unity. Our model is implemented in XSPEC as a pre-calculated table which can
be coupled to a detailed table of the wavelength dependent wind opacity. Preliminary modeling of
Chandra grating data indicates that the X-ray hardness trend of OB stars with spectral subtype can
largely be understood as a wind absorption effect.
Subject headings: stars: early type — stars: winds, outflows — stars: mass-loss — techniques: spec-

troscopic

1. INTRODUCTION

The absorption of soft X-rays by the powerful,
radiation-driven winds of OB stars has long been recog-
nized as a significant effect both on the X-rays observed
from these stars and on the physical conditions in their
winds (Cassinelli & Olson 1979; Cassinelli & Swank 1983;
Hillier et al. 1993; MacFarlane et al. 1994). The signif-
icant soft X-ray emission observed in OB stars by Ein-
stein and ROSAT implied only modest wind attenuation
of the X-rays, and thus ruled out significant coronal emis-
sion as a source of the ubiquitous X-ray emission seen in
these massive stars. For this and other reasons, wind-
shock models for the production of X-rays in OB stars
have become accepted (e.g., Kahn et al. 2001), although
many aspects of these models are still poorly understood.

Modeling not only the X-ray emission from OB star
winds but also the absorption is crucial for advancing
our understanding of the X-ray production mechanisms
themselves. The amount and wavelength dependence
of the wind absorption can be used as a diagnostic of
the location/distribution of the shock-heated plasma, es-
pecially in terms of its effect on individual line profile
shapes (Owocki & Cohen 2001, hereafter OC01). Even
simply deriving an intrinsic X-ray luminosity for energy
budget considerations requires correctly modeling the
significant attenuation of the emitting X-rays, especially
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in the dense winds of O supergiants (Hillier et al. 1993;
Owocki & Cohen 1999).

Because the emitting plasma is spatially distributed
throughout the wind, simple prescriptions for the atten-
uation can be inaccurate. We have developed a method
for implementing an exact solution to the radiation trans-
port that can be easily combined with any independent
emission model, such as the Astrophysical Plasma Emis-
sion Code (apec) (Smith et al. 2001) that is widely used
in fitting stellar X-ray spectra. This can be used to real-
istically model the low-resolution CCD spectra that are
produced in large quantities by surveys of clusters and
OB associations with Chandra and XMM-Newton (e.g.,
Wang et al. 2008). It can also be used to model grating
spectra in detail, and provides a means of disentangling
the wind absorption effects from the emission tempera-
ture effects that appear to both contribute to the recently
discovered trend in the morphology of OB star spectra
observed at high resolution with the Chandra gratings
(Walborn et al. 2009).

2. RADIATION TRANSPORT MODEL

In this section, we derive an expression for the frac-
tion of X-rays transmitted from a massive star wind
as a function of the wavelength-dependent opacity and
the wind density. We make assumptions similar to
those made in Owocki & Cohen (2001): we model the
wind as a two-component fluid, where a small fraction
of the wind is heated to X-ray emitting temperatures
(TX ∼ 1 − 10 MK), while the bulk of the wind is com-
posed of relatively cool material (Twind/Teff ∼ 0.5 − 1)
which can absorb the X-rays via the bound-free opacity
of the moderately ionized metals. We also assume that
the X-ray spectrum is the same over the the entire emit-
ting volume; this is consistent with the finding of Cohen
et al. (2006, 2010) in their detailed study of the emission
line profiles of ζ Ori and ζ Pup that the onset radius of
X-ray emission is roughly the same for all ions observed.

The observed X-ray emission at a given wavelength is
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given by

Lλ = 4π

∫

dV ηλ(r) e−τ(r,µ,λ) , (1)

where ηλ(r) is the X-ray emissivity, and τ(r, µ, λ) is the
continuum optical depth of the dominant cool component
along a ray from the emitting volume element to the
observer.

The optical depth can be derived as in Owocki & Cohen
(2001) for a smooth wind. It is given by the integral

τ(p, z, λ) =

∫

∞

z

dz′ κλ ρ(r′) . (2)

Here p and z are ray coordinates, with impact parame-
ter p =

√

1 − µ2 r and distance along the ray z = µ r.
κλ is the atomic opacity of the wind, and ρ(r) is the
density of the wind. Using the continuity equation,
ρ(r) = Ṁ/4πr2v(r), where Ṁ is the stellar mass loss
rate, and defining the characteristic wind optical depth,

τ∗ ≡
κλ Ṁ

4πR∗v∞
, (3)

we can write
τ(p, z) = τ∗ t(p, z) , (4)

where

t(p, z) ≡

∫

∞

z

R∗dz′

r′2w(r′)
(5)

is an integral that depends purely on the ray geometry.
Here R∗ is the stellar radius, v∞ is the wind terminal
velocity, and w(r) ≡ v(r)/v∞ is the scaled wind velocity.
Note that we have assumed that κλ is constant through-
out the wind; we further discuss this assumption in § 3.

We take the velocity to follow a beta law: v = v∞(1−
R∗/r)β . We also take β = 1 in this paper as a good ap-
proximation for many O star winds; however, evaluation
for general values of β is not difficult.

The emissivity is assumed to scale with density
squared, as in Owocki & Cohen (2001). Because we are
interested in broadband X-ray transmission of the wind
rather than detailed line profile shapes, we ignore the
Doppler shift of the emitted X-rays and write

ηλ(r > R0) = ηλ,0
ρ2(r)

ρ2
0

. (6)

Here we assume that X-ray emission begins at a mini-
mum radius R0, with ρ0 = ρ(R0) and ηλ,0 = ηλ(R0). In
this paper, we will assume that the X-ray filling factor
is constant with radius; it is trivial to add a power-law
radial dependence, as in OC01. Finally, we assume that
X-ray emissivity follows the same radial distribution at
all observable wavelengths.

The model described in the preceding paragraphs is
illustrated in Figures 1 and 2. The model emissivity and
transmission are visualized separately in Figure 1, and
together in the left panel of Figure 2. The right panel
of Figure 2 gives the net transmission for the exospheric
approximation for comparison, which we will discuss at
more length subsequently.

Using Eqs. 1-6, we can calculate the transmission of
the wind as a function of τ∗. The transmission is simply
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Figure 1. This diagram shows the X-ray emission and absorp-
tion properties of a model stellar wind. The observer is on the
left. Contours of constant X-ray emissivity (proportional to den-
sity squared) are shown with dashed lines at intervals of an order
of magnitude in differential emissivity. The absolute scale is nor-
malized to the maximum emissivity at the onset radius of X-ray
emission. Contours of constant continuum optical depth calculated
for τ∗ = 3 are shown with solid lines.
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Figure 2. The left panel is the same as Figure 1, but plotting the
renormalized product of emissivity times transmission, including
occultation by the stellar core. The right panel shows the same plot
in the exospheric approximation, where the grey zone is inside the
radius of (radial) optical depth unity and thus does not contribute
to the observed X-ray flux.

the observed flux (Eq. 1) divided by the unattenuated
flux, which can be found by setting τ∗ = 0 in the same
equation:

T (τ∗) =

∫

dV ρ2 e−τ

∫

dV ρ2
. (7)

The numerator of this equation can most easily be eval-
uated by first numerically integrating the angular com-
ponent of the integral for a shell at radius r to obtain the
angle averaged transmission:

T (r, τ∗) =
1

2

∫ 1

µ∗

dµ e−τ∗t(r,µ) , (8)

where

µ∗ =

√

1 −
R2

∗

r2
(9)

gives the µ coordinate of occultation by the the stellar
core. Some X-rays are obscured by the stellar core even
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when the wind is transparent:

T 0(r) ≡ T (r, 0) =
1

2
(1 − µ∗) . (10)

Integrating over shells at all radii, the net transmission
is thus

T (τ∗) =

∫

∞

R0
dr r2 ρ2(r) T (r, τ∗)
∫

∞

R0
dr r2 ρ2(r)

. (11)

We can further evaluate this expression by substituting
the continuity equation, and by defining the inverse ra-
dial coordinate u ≡ R∗/r:

T (τ∗) =

∫ u0

0 du w−2(u)T (u, τ∗)
∫ u0

0 du w−2(u)
. (12)

In Figure 3 we show T̄ (u) for selected values of τ∗.
Figure 4 we show T (τ∗) for our model, along with com-
parisons to two other absorption prescriptions: a simple
intervening absorber, T = e−τ , appropriate for a coro-
nal slab model, e.g. as implemented in the XSPEC mod-
els wabs or tbabs; and an exospheric approximation (e.g.
Owocki & Cohen 1999), where T = 0 below the radius
of optical depth unity, and T = 1 everywhere above it:

Texo(τ∗) =

∫ u1(τ∗)

0 du w−2(u)
∫ u0

0 du w−2(u)
. (13)

The inverse radial coordinate of optical depth unity is
given by evaluating the optical depth integral (Eq. 5)
along a radial ray (p = 0, z = r), with the result

u1(τ∗) = 1 − e−1/τ∗ , (14)

for β = 1. Note that in both Figures 3 and 4 we have
used β = 1 and R0 = 1.5R∗. We stress that Eq. 13 is
simply the consequence of using a step function for the
angle-averaged transmission T in Eq. 12, rather than the
more realistic expression given in Eq. 8.

Thus, the transmission of our model falls off much more
gradually than e−τ , but it is also more accurate than the
exospheric approximation, especially at moderate optical
depth. Note that the angle averaged transmission curves
plotted in Figure 3 are the essential difference between
the radiation transport model of windtabs and that of
the exospheric model.

We note that it would be simple to generalize the radi-
ation transport model described in this section to include
porosity by introducing an appropriate definition of ef-
fective opacity, as in Oskinova et al. (2006) or Owocki &
Cohen (2006). However, a specific implementation of this
and discussion of its consequences is beyond the scope of
this paper.

Finally, to find the transmission of a stellar wind as a
function of wavelength, we must first find τ∗ as a function
of wavelength; we can then combine this with Eq. 12
to evaluate the transmission for a specific set of wind
properties (see Eq. 3 for the explicit dependence of τ∗
on κλ). The wavelength dependence of τ∗ is introduced
through the opacity. It is thus useful to write

τ∗(λ) = κλΣ∗ , (15)

where

Σ∗ ≡
Ṁ

4πR∗v∞
(16)

Figure 3. Angle averaged transmission T as a function of shell in-
verse radial coordinate u = R∗/r, with different curves for different
characteristic wind optical depths τ∗. Note that the transmission
is less than unity even for τ∗ = 0 due to occultation by the stellar
core. The equivalent plot in the exospheric approximation would
be a step function at u1, the inverse radial coordinate of optical
depth unity.

Figure 4. Comparison of transmission of three different mod-
els: coronal slab (e−τ ), exospheric, and more realistic wind model
(windtabs). The fixed parameters are β = 1, R0 = 1.5.

is the characteristic mass column density of the wind (in
g cm−2). The determination of the opacity is the subject
of § 3.

3. OPACITY MODEL

The continuum opacity of a stellar wind in the X-ray
band can be calculated by summing the contributions of
each constituent species. Thus, we must know the ele-
mental abundances, ionization fractions, and the atomic
opacities. Of these three, the opacities are well known
to sufficient accuracy (e.g. Verner & Yakovlev 1995); the
ionization balance may contribute some uncertainty in
the calculation of the opacity, but is usually not the dom-
inant contribution; and uncertainties in the elemental
abundances are typically the most important.

The opacity due to photoionization of a given shell of
any individual species scales approximately as κi(E >
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Eth) ∝ E−3 above the threshold energy Eth of the shell.
Because multiple species are usually important for the X-
ray opacity of astrophysical gas, the run of opacity with
wavelength has a characteristic sawtooth shape, with in-
dividul teeth at the ionization threshold energies of dom-
inant ionization stages of abundant elements.

O star winds are photoionized, with H and He fully
stripped, and most other elements mainly in charge
states +3 and +4; thus, the opacity of stellar winds in the
range 1 Å < λ < 40 Å is dominated by K-shell absorp-
tion in C, N, and O, since they are the most abundant
elements.

The opacity of adjacent ionization stages of the same
element are usually comparable, with the exception that
the photoionization threshold energy is shifted. As long
as the precise threshold energies are not important in
spectral modeling, the effect of a moderate shift in ion-
ization balance on the opacity is relatively minor; how-
ever, the difference in threshold energies between neutral
material and O star winds is significant.

Therefore, while it is important to use an appropriate
model for the ionization of an O star wind, it is sufficient
for many applications to use a single approximate ioniza-
tion balance to model all O star winds. This is true even
though the ionization balance can vary to some extent
with radius, and also is different in different O stars.

If it is desired to model the opacity of a particular star,
it is possible to construct a detailed model opacity for a
stellar wind by using the output of a radiative transfer
model such as CMFGEN (Hillier et al. 1993; Hillier &
Miller 1998; Cohen et al. 2010, Zsargo et al., in prepara-
tion).

To illustrate the importance of various assumptions in
opacity modeling, in Figures 5 and 6 we compare a num-
ber of model opacities. Figure 5 compares neutral in-
terstellar medium opacity and a simple model for the
opacity of a stellar wind. Both assume solar abundances
(Asplund et al. 2009). In the wind model we assume
an ionization balance with hydrogen and helium fully
stripped, oxygen and nitrogen in the +3 charge state,
and all other elements in the +4 charge state. The wind
opacity is much lower, especially at long wavelengths,
mainly due to the ionization of hydrogen and helium.
The shift in ionization threshold energies is also clear.

Figure 6 shows the same simple model described in
the previous paragraph; as well as a more realistic model
particular to ζ Pup, using non-solar abundances specific
to the star, and generated by calculating the opacity at
∼ 2R∗ from a detailed CMFGEN model (Zsargó et al.
2008, Bouret et al., in preparation; Zsargo et al., in
preparation); and finally, a simplified version of the CM-
FGEN model, using the same abundances, but the sim-
plified ionization structure of the solar abundance wind
opacity model. The fact that the realistic CMFGEN
ζ Pup model and the simplified version are so similar
indicates that a simple ionization balance is typically ad-
equate to describe wind opacity in many cases, as long
as it is relatively accurate. On the other hand, the differ-
ence between the ζ Pup models and the solar abundance
model shows that the opacity model depends strongly on
the abundances of the most common elements other than
H and He (typically C, N, and O). Note that the Bouret
et al. abundances for ζ Pup are non only non-solar in

Figure 5. Comparison of a neutral interstellar absorption model
(including dust grains), tbabs (Wilms et al. 2000); and an O star
wind model with an assumed simple ionization structure. Both use
solar abundances (Asplund et al. 2009). Note that even below the
O3+ edge near 20 Å, the realistic wind opacity model is still about
40% lower than the ISM model, mainly due to the ionization of H
and He in the wind model.

the ratio of CNO, but also are sub-solar, which accounts
for the lower opacity of the ζ Pup models at short wave-
lengths compared to the solar abundance model.

We have made one important simplification in our
modeling: in Eq. 4, and throughout this section, we have
assumed that the opacity is independent of radius. As
we have shown in Figure 6, moderate changes in wind
ionization do not strongly affect the opacity, so in most
cases this is a justified assumption. The important ex-
ception is the ionization of helium; in sufficiently dense
winds, He++ may recombine to He+ in the outer part
of the wind, which greatly increases the opacity, espe-
cially at long wavelengths (Hillier et al. 1993). As long
as the change in ionization occurs sufficiently far out in
the wind, geometrical effects as described in § 2 are not
important, and the absorption due to He+ can be treated
as an additional slab between the X-ray emitting regions
and the observer, i.e. using T = e−τ .

4. MODEL IMPLEMENTATION

The numerical evaluation of Eq. 12 is not prohibitively
expensive, but it is typically not fast enough to allow its
use in an automated spectral fitting routine, such as that
in XSPEC (Arnaud 1996) or ISIS (Houck & Denicola
2000). It is thus preferable to compute the transmission
on a grid in τ∗ for a given set of wind parameters.

Given a tabulation of the model wind opacity, as de-
scribed in § 3, in addition to the tabulation of T (τ∗),
one may then calculate the transmission as a function of
wavelength, T (λ), with only one free parameter, the char-
acteristic wind mass column density Σ∗. This parameter
is analagous to the neutral hydrogen column density in a
slab absorption model such as the XSPEC wabs model.

We have implemented this as a local model for XSPEC
12. T (τ∗) may be calculated for a given set of parame-
ters (i.e. β, R0), with the results stored in a FITS table.
The model opacity must also be supplied as a FITS file;
different model opacities may be swapped in at run time.
The calculation of T (τ∗) is controlled by a simple python
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Figure 6. Comparison of three different model O star wind opaci-
ties: the solar abundance O star wind model shown in Fig 5 (solid);
an XCMFGEN model appropriate for ζ Pup (dashed) using the
abundances of Bouret et al. (in preparation); and a simplified ver-
sion of this XCMFGEN model (dotted) where the ionization bal-
ance is the same as in the solar abundance model. Note that the
Bouret et al. abundances for ζ Pup are subsolar as well as having
altered CNO abundance ratios.

script, and computation of a table for a given set of pa-
rameters can be accomplished in several seconds on a
modern workstation.

The model transmission is then calculated as a function
of energy or wavelength, using the supplied FITS tables
and the one free model parameter, Σ∗. This parameter
is in analogy with the neutral hydrogen column density
NH typically used as the free parameter for interstellar
absorption models.

Note that there are additional implicit model param-
eters that go into the tabulation of T (τ∗): the velocity
law power index β, and the onset radius of X-ray emis-
sion, R0. These parameters may be varied by computing
additional table models and substituting the FITS tables
used by the XSPEC local model. However, the absorp-
tion model is not very sensitive to these parameters over
the range typically inferred for winds of massive stars.

Note that the elemental abundances, which enter into
the transmission through their effect on the opacity, can-
not be varied as fit parameters in our model. This is
a choice we have made in the model implementation,
both for computational ease and simplicity of user in-
terface, and because there is not enough information in
X-ray spectra alone to break degeneracies between ele-
mental abundances, X-ray emission temperature distri-
bution, and wind column density. Abundances should be
inferred by other means, and can be used to compute a
new opacity table for a given star.

In Figure 7 we give the model transmission for windtabs
using three different values of Σ∗. For comparison, we
also give the transmission for the neutral absorption
model tbabs for comparable mass column densities Σ.
Note that Σ refers simply to a slab mass column density,
while Σ∗ refers to a characteristic mass column density
in the context of a stellar wind (see Eq 16).

5. DISCUSSION

The exact method we have presented here for model-
ing the emergent X-ray flux from a spatially distributed

Figure 7. Transmission as a function of wavelength for ionized
wind absorption model (windtabs, black) and for neutral slab ab-
sorption (tbabs, red). Three values of absorbing column are given;
for windtabs, the degree of absorption is specified by the charac-
teristic mass column density Σ∗, while for tbabs it is given simply
by the mass column Σ.

source embedded within a partially optically thick wind
is crucial for analyzing and interpreting the X-ray emis-
sion observed from O stars. Compared to the exponen-
tial, neutral slab absorption (excess over ISM) model that
is usually employed, the windtabs model accurately re-
produces the much more gradual decrease in transmis-
sion with increasing wind column density and opacity.
Using an accurate wind transmission prescription is im-
portant for attempts to understand the broadband spec-
tral energy distributions of individual stars; compare the
transmission as a function of wavelength for any one
black curve in Figure 7 to the corresponding curve in
red. And it is also relevant for understanding trends in
X-ray properties within a sample of O stars with winds
having a range of optical thicknesses; compare the trend
in transmission over any wavelength range in Figure 7 as
one looks to denser and denser winds: solid to dashed
to dotted black curves show a gradual decrease in trans-
mission with characteristic optical depth τ∗, or column
density, while the decrease in transmission among the
corresponding red curves is much more drastic.

As Figure 4 shows, once a wind becomes optically
thick, the exponential absorption model will significantly
overestimate the amount of X-ray attenuation, leading to
underestimates of the characteristic wind column density
and associated mass-loss rate. And because the opacity
of the bulk wind is a relatively strong function of wave-
length, the inaccuracy of the exponential transmission
model will also lead to errors in the broadband spectral
energy distribution of a model applied to a single object,
leading to misinterpretations of the associated emission
model components. This appears to be the case in the
X-ray abundance study in Zhekov & Palla (2007), where
the authors rely on excess exponential, neutral ISM ab-
sorption to account for the assumed wind attenuation,
and find an unphysical correlation between their derived
elemental abundances and the wavelength of the emission
lines used for the abundance determinations.

The exospheric model, which incorporates the more
gradual decrease in transmission via an inherently spher-
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ically symmetric, simplified treatment of the radiation
transport, is more accurate than the slab model with its
exponential attenuation. However, the exospheric model
leads to an overestimate of the transmission compared
to the more accurate windtabs model. This is espe-
cially true for moderate optical depths; indeed, for char-
acteristc optical depths τ∗ less than unity, the exospheric
model predicts no attenuation at all, and will overesti-
mate the true transmission by a factor of several.

It has long been noted that the exponential attenua-
tion treatment is not well suited to modeling OB star
X-rays. Cohen et al. (1996) showed that an exospheric
treatment, rather than an exponential treatment, is im-
portant for understanding the observed EUV and soft
X-ray emission from the early B giant, ε CMa. The ex-
ospheric approximation was used by Owocki & Cohen
(1999) to model the effect of wind attenuation of X-rays
in order to explain the observed Lx/Lbol ∼ 10−7 rela-
tionship and its breakdown in the early B spectral range
where hot star winds become optically thin to X-rays.
An exospheric treatment was also used by Oskinova et al.
(2001) to analyze the variability of X-rays from optically
thick WR winds. And the exospheric framework forms
the basis for the “optical depth unity” relationship for X-
rays in O stars, where the forbidden-to-intercombination
line ratios of helium-like ions are claimed to imply for-
mation radii that track the optical depth unity radius
as a function of X-ray wavelength (Waldron & Cassinelli
2007). However, if treatments such as these are to be
used to analyze real data with a high degree of accu-
racy, then a more realistic treatment of X-ray radiation
transport through the wind must be used; one that takes
the inherently non-spherically symmetric nature of the
problem into account. This is especially true when the
location of the X-ray emission that is emergent from the
wind is important, as with the interpretation of f/i ra-
tios. As Figure 2 shows, the relative contribution toward
the emergent X-ray flux from different wind regions is
grossly misrepresented in the exospheric approach. In
any case, to assess the implications of low f/i ratios, a
spatially distributed emission model should be used along
with an accurate treatment of the radiation transport, as
in windtabs.

The windtabs model we have introduced here is not
only more accurate in terms of the radiation transport,
but it has two additional advantages that recommend its
adoption for routine X-ray data analysis and modeling
of O stars. First, it is easy to use and has only a single
free parameter, the characteristic mass column density
Σ∗, from which a mass-loss rate can be readily extracted.
And second, it incorporates a default wind opacity model
that is significantly different from, and much more accu-
rate than, the neutral ISM opacity models that are usu-
ally used. Additionally, alternate user-calculated opacity
models are easy to incorporate.

One application of windtabs to the interpretation of
X-ray spectral data is for the analysis of the X-ray spec-
tral hardness trend vs. optical spectral subtype recently
noted in Chandra grating spectra by Walborn et al.
(2009). Claimed to be an ionization or temperature
trend inherent to the production of X-rays, clearly the
broadband trend is affected by differential wind absorp-
tion of soft X-rays. A detailed analysis is in preparation,

Table 1
Adopted stellar parameters

Star Typea NH
b Σ∗

c

HD 150136 O3.5 I 0.36 0.073
ζ Pup O4 I 0.01 0.160
ξ Per O7.5 III 0.115 0.017

τ CMa O9 II 0.056 0.013
δ Ori O9.5 II 0.015 0.011
ζ Ori O9.7 I 0.03 0.019
ε Ori B0 I 0.03 0.020

a (Ref to walborn)
b Interstellar medium column density
(1022cm−2)
c Characteristic wind mass column den-
sity (g cm−2)

but here we show a single suite of models in which the
only variable parameter is the characteristic wind column
density, Σ∗. A single emission model, combined with
windtabs attenuation, reproduces the observed broad-
band trend quite well.

We reproduce the trend noted by Walborn et al. (2009)
in Figure 8, where the data for seven O giants and su-
pergiants are shown in the left-hand column, with the
earliest spectral subtype (O3.5) on the top, and the lat-
est (B0) on the bottom. The later spectral subtypes
clearly have more soft X-ray emission, although the ear-
lier subtypes still have non-negligible long-wavelength
(λ & 15 Å) emission. In the middle column we show
a four-temperature apec (Smith et al. 2001) thermal
equilibrium emission model; we have chosen kT = 0.1,
0.2, 0.4, and 0.8 keV; the first three components hav-
ing equal emission measures and the hottest one hav-
ing half the emission measure of the others. The same
apec model is used for all seven stars (with variable
overall normalization) and is multiplied by a windtabs
model and a tbabs model (for neutral ISM attenuation).
The column density of the tbabs model is fixed at the in-
terstellar value taken from Fruscione et al. (1994), with
the exception of HD 150136, for which we inferred the
ISM column density from E(B-V) [refs]. The character-
istic mass column density Σ∗ in windtabs is fixed at a
value computed from the “cooking formula” theoretical
mass-loss rate computed by Vink et al. (2001), using the
measured terminal velocity of Haser et al. (1998) and
the modeled radii of Martins et al. (2005). The stan-
dard solar abundance wind opacity model (solid line in
Figure 6) was used in windtabs, and the apec model
abundances were set to solar. There are no free param-
eters in these models, and the temperature distribution
has not even been significantly optimized to match the
data. The adopted parameters are listed in Table 1.

As the middle column of Figure 8 shows, the sim-
ple, universal emission model reproduces the broadband
trend very well. Trends in individual line ratios generally
cannot be reproduced only by accounting for the vary-
ing attenuation, as pointed out by Walborn et al. (2009),
but note that the Ne IX (13.5 Å) to Ne X (12.1 Å) ra-
tio does indeed vary due only to differential attenuation
among the earliest spectral subtypes. The right-hand
column in Figure 8 shows the same emission and ISM
attenuation models as in the middle column, but with
excess exponential (neutral ISM) attenuation accounting
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Figure 8. Left column: a sequence of Chandra spectra of O giants and supergiants from Walborn et al. (2009); middle column: multi-
temperature thermal emission model with windtabs wind absorption model; right column: same model as middle column, but with tbabs
neutral slab absorption model.

for the wind absorption, again according to the wind col-
umn densities expected from the adopted mass-loss rates,
radii, and terminal velocities. The exponential attenua-
tion trend seen in the right-hand column is too strong for
the earliest spectral subtypes and too weak for the latest
ones, where the different ISM column densities actually
dominate the trend.

The contrast between the windtabs and exponential
models is quite stark, and indicates that the more re-
alistic models should generally be used when analyzing
X-ray spectra, both high-resolution and broadband. It is
also impressive how much of the observed spectral hard-
ness trend is explained by wind attenuation, in the con-
text of a realistic model. Not only do quantitative analy-
ses of the suggested line ratio trends have to be evaluated,
but a global spectral modeling that allows for both emis-
sion temperature variations and wind attenuation vari-
ations should be undertaken in order to disentangle the
relative contributions of trends in emission and absorp-
tion to the overall, observed trend in the spectral energy
distributions.

6. CONCLUSIONS

We have presented an exact solution to the radiation
transport of X-rays through a spherically symmetric,
partially optically thick O star wind, and shown that
it differs significantly from the commonly used slab ab-

sorption and exospheric models. Specifically, the trans-
mission falls off much more gradually as a function of
fiducial optical depth in the windtabs model as compared
to the exponential model, leading to more accurate as-
sessments of wind column densities and mass-loss rates
from fitting X-ray spectra. As one example of the utility
of windtabs, we have shown that when this more accu-
rate model is employed, differential wind absorption can
explain most of the observed trend in OB star X-ray
spectral hardness with spectral subtype, and even may
explain some of the line ratio trend.

The windtabs model has been implemented as a cus-
tom model in XSPEC, and is as easy to use as the various
ISM absorption models, having only one free parameter.
In addition to the significantly improved accuracy of the
radiation transport, windtabs has several other advan-
tages. It incorporates a default opacity model much more
appropriate to stellar winds than the neutral element
opacity model used in ISM attenuation codes. Users
can easily substitute their own custom-computed opacity
models. And the fitted mass column density parameter
for windtabs easily allows for the user to extract a mass-
loss rate from their fitting of X-ray spectra of OB stars.
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K. V., Román-Zúñiga, C. G., & Lada, E. 2008, ApJ, 675, 464
Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914
Zhekov, S. A. & Palla, F. 2007, MNRAS, 382, 1124
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