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Stellar Winds

Massive star winds generally have broad lines of  1000s km/s



X-ray Production in Massive Stars

• Colliding winds:      [NOT DISCUSSED HERE]
– collision of winds from binary stars
– or wind impact on companion star

• Embedded wind shocks
– wind driving instabilities (stochastic structure)

• Co-rotating Interaction Regions [NOT DISCUSSED HERE]
– no self-consistent modeling of this yet (organized structure)

• Magnetospheres:
– magnetic confinement channels wind streams into head-on 

collisions (“self”-wind collision)
– non-thermal emissions



Chandra Large Program for Zeta Pup

• Fig from Nichols+ 2021 (about 800ks) – rich emission line spectrum

• Detection of continuum emission at short wavelengths in with 
few lines (Huenemoerder+ 2020)

• Displays overall global spectral changes over ~20 years 
(Cohen+ 2020 and this meeting)
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Underlying physical paradigm:
Snapshot of the time-dependent structure for 

typical spherically symmetric O star wind
expectation of distributed hot gas



Line Profile Modeling:
Optically thin Lines + Wind Photoabsorption

resolved x-ray emission lines shapes can be blueward skewed

observer

• Optically thin lines from 
spherical shells make flat-tops

• In which case, all profile 
construction is about deviation 
from flat



Photoabsorption

from Ignace+ 1999 from Leutenegger+ 2010

photoabsorption a function of  density and of  energy
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Examples of Simple Profiles

Optically thin lines with 
spherical constant expansion

Optically thick lines also with
constant expansion

from Ignace 2001 and Ignace & Gayley 2003



Variation of Parameters 
(thin lines)

from Owocki & Cohen 2001 (beta is velocity law; R0 is inner radius;
q is a filling factor power-law exponent)



Trends in Line Profile Moments

• Smooth wind model
• Particular choice of 

wind velocity law
• Parametrized in terms 

of photo-absorptive 
optical depth, which is 
wavelength-dependent

blueshifted

broader

THEORIST
 PLOTS



Line Profile Moments: OBSERVER PLOTS



Let’s bounce through some 
heuristic cases 
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ABSTRACT

With a deep Chandra/HETGS exposure of WR 6, we have resolved emission lines whose profiles show that the
X-rays originate from a uniformly expanding spherical wind of high X-ray-continuum optical depth. The presence
of strong helium-like forbidden lines places the source of X-ray emission at tens to hundreds of stellar radii from
the photosphere. Variability was present in X-rays and simultaneous optical photometry, but neither were
correlated with the known period of the system or with each other. An enhanced abundance of sodium revealed
nuclear-processed material, a quantity related to the evolutionary state of the star. The characterization of the extent
and nature of the hot plasma in WR 6 will help to pave the way to a more fundamental theoretical understanding of
the winds and evolution of massive stars.

Key words: stars: individual (WR 6) – stars: massive – stars: Wolf–Rayet

1. INTRODUCTION

Within the Wolf–Rayet (WR) class are some of the most
massive and luminous of stars. Rapid outflow of their dense
stellar winds enriches and energizes the interstellar medium
(ISM) before this brief phase culminates in a core-collapse
supernova detonation (Langer 2012). The WR stars are thus
important contributors to galactic feedback of nuclear-
processed matter, mechanical energy, and ionizing radiation
throughout cosmic history, greatly affecting their host star
clusters as well as an entire galaxy. Characterization of WR star
properties—especially mass-loss rate and composition—is
usually done through optical and UV spectroscopy (Hillier &
Miller 1998; Hamann et al. 2006). However, structure in highly
supersonic winds will invariably lead to shocks and X-ray
emission, so the X-ray regime is crucial for understanding the
nature of the wind hydrodynamics and the structures they
produce. This also relates to the potential importance of
magnetization in some winds. Such structures in hot star winds
can include embedded wind shocks, magnetic confinement in
some cases, or wind–wind collisions in binary systems (Güdel
& Nazé 2009). X-ray emission lines are key diagnostics of the
high-energy processes since line strengths and profile shapes
provide detailed information about the wind structure and
dynamics. There have been a large number of empirical and
theoretical investigations of X-ray line fluxes and profiles since
the advent of high-resolution spectroscopy with Chandra and
XMM-Newton. Waldron & Cassinelli (2007) performed an
empirical study of line characteristics in a collection of OB
stars. Hervé et al. (2012) examined theoretical profiles for
emission distributed over a range of radii with different plasma
conditions, while Leutenegger et al. (2006) investigated the
effects of distributed emission specifically for He-like lines.
Ignace & Gayley (2002) and Leutenegger et al. (2007) studied
effects of resonant scattering on line profiles. Oskinova et al.
(2006) and Leutenegger et al. (2013) looked into effects of

clumping or porosity on line shapes. Cohen et al. (2014b) did a
systematic re-analysis of O-star line profiles to determine mass-
loss rates, and Cohen et al. (2014a) applied an underlying
shock cooling model to determine wind structure. Ignace
(2015) has given a review of X-ray line profiles. This a highly
selective and by no means exhaustive collection of X-ray
emission line modeling and analysis work and indicates the
importance of and interest in this area.
The winds of hot stars are presumed to be accelerated by

line-driven radiation pressure (Castor et al. 1975; Friend &
Castor 1983; Pauldrach et al. 1986) which, due to instabilities,
leads to soft X-ray (∼0.2 keV) emitting shocks in the
acceleration zone, typically well within a few stellar radii of
the photosphere (Lucy & White 1980; Owocki et al. 1988;
Feldmeier et al. 1997; Krtička et al. 2009). The rapid expansion
leads to broad emission lines (MacFarlane et al. 1991;
Ignace 2001; Owocki & Cohen 2001). The destruction of
helium-like forbidden line emission through intense photo-
spheric UV photoexcitation provides a valuable diagnostic of
the location of X-ray emission (Blumenthal et al. 1972; Kahn
et al. 2001; Waldron & Cassinelli 2001).
While the above scenario is quite successful in describing the

general characteristics of OB star X-ray emission, various
details are still under intense debate, such as the minimum
radius and extent of X-ray emission, the fraction of X-ray
emitting plasma, and the clumpiness of the wind. There are
cases, however, where this scenario is too simple, such as in
magnetically confined wind shocks (Babel & Montmerle 1997;
Gagné et al. 2005), which may have narrower lines and
plasmas dominated by high temperatures (∼2 keV), or in
colliding wind binaries (Luo et al. 1990; Stevens et al. 1992;
Parkin et al. 2014), which can have a range of temperatures and
profiles depending on their orbital separation and geometrical
aspects (Henley et al. 2003).
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We have adopted the analytic form of Ignace (2001) for the
line profile, f(wz), valid in the limit of large optical depth:
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where f0 is a normalization constant and wz is the dimensionless
scaled velocity along the line of sight z, wz=(c/v∞)(λ/λ0 – 1),
for a line having rest wavelength λ0. In this formula the
emissivity per volume is assumed to vary as the square of
density. However, an additional modification to the emissivity
is allowed in the form of r− q, with q>−1 as outlined in
Ignace (2001, see Equation (8) and the associated discussion
therein). This q parameter serves to modify the shape of the line
profile from a pure density-squared result. Physically, one can
think of this accompaniment to the line emissivity as
representing perhaps a number of factors, including a volume
filling factor to accommodate clumping, or a radius-dependent
X-ray temperature distribution to accommodate variations in
shock strength. In this sense different q values are to be
expected from fits to different lines in contrast to seeking a
single value of q that applies to all lines.

As an illustration, a family of model line profiles is shown in
Figure 3 for a range of q values. Note that the photoabsorption
optical depth is assumed to be large, meaning that X-rays from
near the stellar photosphere are strongly absorbed and that the
X-ray line profile is formed generally in the vicinity of optical
depth unity in photoabsorption, although this depends in detail
on the value of q. As seen in Figure 3, the case of q=0 gives
the canonical “fin”-shaped line profile. Positive values of q
serve to exacerbate the relative sharpness of the fin; negative
values of q reduce to the extreme that q=−1 recovers a
“flat-top” line profile that is normally associated with the case
of zero photoabsorption.

In using the adopted form of Equation (1) to model line
profiles, we have made several assumptions. First, that the
X-ray line emission is taken to be well-described by collisional
ionization equilibrium in which every collisional excitation is
from the ground state and results in a radiative transition with
negligible optical depth in the lines. This serves as the basis of
the density-squared emissivity. Second, the continuum opacity
of the WR 6 wind is very large. In soft X-rays, the large radial
optical depth prevents us from seeing down to the acceleration
zone, so constant expansion is a reasonable assumption for the
visible plasma. In this limit, if we assume that all X-ray
emission lines have the same profile, then it means they all

sample the same terminal velocity with the same temperature
(or same temperature distribution).
To relax the latter assumption, that all lines have a common

thermal origin with a similar hot gas filling factor, we allow the
exponent, q, to be non-zero. In this way, we can fit individual
profiles to explore trends in expansion velocity or shape. For
example, the continuum opacity is lower at shorter wave-
lengths; if it is significantly smaller such that we can see
deeper, where conditions may be different, we might expect the
shortest wavelength lines to have a different shape from the
longer wavelength lines even though all the lines form in the
asymptotic terminal speed flow.
We have implemented the model line profile as a parametric

fit function, but also as a global intrinsic line profile in the
APEC model evaluation (that is, our APEC model, in addition
to the usual parameters of temperatures, normalizations,
abundances, and Doppler shift, has wind-profile parameters).
To determine the profile parameters (since the global plasma
model is not necessarily the best model for all features), we
independently fit narrow spectral regions containing strong or
important lines by adopting the four-temperature model as a
starting point and then fit the normalization, relevant elemental
abundances (to allow optimization of the line-to-continuum
ratios), and—of primary interest—wind parameters q and v∞.
We adopted a line of sight Doppler velocity of 46.2 km s−1,
which is the exposure-time weighted mean of the systemic
(Firmani et al. 1980) plus line of sight velocities for the three
observations that ranged from 34 to 66 km s−1. The differences
between the observations are negligible considering the
resolution and the line width, though very important to set
a priori because the terminal velocity and Doppler shift are
degenerate parameters. We take the Doppler velocity as a given
and do not fit the line center.
One must be careful to distinguish the line center from a line

centroid. A common diagnostic of stellar winds is often
referred to as a “blueshifted profile.” This is incorrect when
referring to the volume-integrated profile: the centroid is
blueward of the line center because the wind opacity causes the
emergent profile (centered at zero velocity) to be skewed
through absorption of locally redshifted wind emission. Here
we specifically refer to the theoretical line profiles’ centers
when we indicate the line position.

Table 3
Model Parameters

Property Value

Temperatures, Tx (MK) 1.5, 4.0, 8.0, 50
Normalizations (relative) 10, 3.3, 1.9, 0.9
log fx( erg cm−2 s−1) −11.9
log L x( erg s−1) 32.9
log (L x/L bol) −6.3
log NH (cm−2)a 21.2

Note.
a Foreground interstellar absorption. Flux is as observed, whereas luminosity
has been corrected for foreground interstellar absorption.

Figure 3. Example intrinsic line profiles for constant spherical expansion for
several values of q as defined by Equation (1).
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In Figure 4, we show observed and model profiles for
relatively clean portions of the spectrum to demonstrate the
“fin”-shape and relative position of the line center. The models
were APEC plasmas fit within the narrow regions as described
above.

For the He-like lines, we also used density as a free
parameter to allow the important forbidden (f) to intercombina-
tion (i) line flux ratio (R=f/i) to be free; use of density is
simply a convenient proxy for consideration of UV photo-
excitation from the forbidden-to-intercombination levels (Blu-
menthal et al. 1972). The density dependence was computed
with APEC, then parameterized for use as a line emissivity
modifier.9 As an alternative, we also fit the He-like lines
parametrically using a linear combination of a continuum and
line components. This is less physically constrained than the
plasma-model approach since, for instance, there is no a priori
relation between the forbidden and intercombination line.
Uncertainties in this approach tend to be large because the
lower limit on the intercombination line can be very small, and
the forbidden-to-intercombination ratio arbitrarily large; hence
we favor the APEC-based results. The fitted values are given in
Table 4.

We show as an example the fit to the SiXIII lines in Figure 5
as well as the decomposition into the component profiles. The
lines are well resolved. One discrepancy for SiXIII is a
relatively large feature in the residuals, which might mean that
the i-component is narrower than the others (all three
components shared the same profile parameters in the fit, as
shown in Figure 7 and Table 5).

In Figure 6 we show a broader region of the spectrum along
with the same spectral region as observed with RGS (bottom
panel pair). This clearly demonstrates the character of the
profiles’ vertical blue edge and the great advantage of the
HETG’s higher resolution for determining the profile shape.

With RGS, we could determine that the lines are broad, but a
near-Gaussian profile was sufficient to fit them.
From fitting the narrow spectral regions with the APEC-

based model including the model line profile of Equation (1),
we have determined an error-weighted-mean expansion
velocity of 1950± 20 km s−1, somewhat larger than the
average value of 1700 km s−1 as determined by Hamann
et al. (2006) from analysis of the full spectrum, but smaller
than the maximum value of 2100–2500 km s−1 as observed
among the UV lines in the several hundred archived IUE
spectra. Our result is dominated by the best-determined value
for SiXIII. A straight mean and standard deviation gives
1880± 140 km s−1. The lines are all consistent with a shape
parameter of q;−0.2 (Ignace 2001), which is close to zero,
the nominal value for density-squared emissivity and uniform
expansion (see Equation (1) and Figure 3). We show the
determinations for each feature measured in Figure 7, and the
values are listed in Table 5.

3.2. Light Curve Extraction

To examine the time history of the X-ray emission, we
binned count-rate light curves from both the dispersed and
zeroth-order events. For dispersed events, we used the

Figure 4. Fits to MgXII (left) and FeXVII (right), which show the data (black) and model profile (red) for some relatively unblended features to demonstrate the “fin”
shape of the lines. The line centers of the strongest lines in the region are marked; other model lines in the regions shown are an order of magnitude fainter than the
brightest. The lower panels show the fit residuals.

Table 4
R Values for He-like Lines

Ion λ R R0

Å f/i max(f/i)

SXV 5.04 1.85 (0.50, 1.85) 1.85
SiXIII 6.65 2.41 (2.19, 2.41) 2.41
MgXI 9.17 2.95 (2.32, 2.95) 2.96
NeIX 13.45 3.35 (2.29, 3.35) 3.35

Note. Limits for 90% confidence intervals are given in parentheses.
Wavelengths are given for the resonance lines. R0 is for the four-temperature
model and so may differ slightly from the value at the temperature of maximum
emissivity for each ion.

9 See http://space.mit.edu/cxc/analysis/he_modifier for details, data,
and code.
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We have adopted the analytic form of Ignace (2001) for the
line profile, f(wz), valid in the limit of large optical depth:
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where f0 is a normalization constant and wz is the dimensionless
scaled velocity along the line of sight z, wz=(c/v∞)(λ/λ0 – 1),
for a line having rest wavelength λ0. In this formula the
emissivity per volume is assumed to vary as the square of
density. However, an additional modification to the emissivity
is allowed in the form of r− q, with q>−1 as outlined in
Ignace (2001, see Equation (8) and the associated discussion
therein). This q parameter serves to modify the shape of the line
profile from a pure density-squared result. Physically, one can
think of this accompaniment to the line emissivity as
representing perhaps a number of factors, including a volume
filling factor to accommodate clumping, or a radius-dependent
X-ray temperature distribution to accommodate variations in
shock strength. In this sense different q values are to be
expected from fits to different lines in contrast to seeking a
single value of q that applies to all lines.

As an illustration, a family of model line profiles is shown in
Figure 3 for a range of q values. Note that the photoabsorption
optical depth is assumed to be large, meaning that X-rays from
near the stellar photosphere are strongly absorbed and that the
X-ray line profile is formed generally in the vicinity of optical
depth unity in photoabsorption, although this depends in detail
on the value of q. As seen in Figure 3, the case of q=0 gives
the canonical “fin”-shaped line profile. Positive values of q
serve to exacerbate the relative sharpness of the fin; negative
values of q reduce to the extreme that q=−1 recovers a
“flat-top” line profile that is normally associated with the case
of zero photoabsorption.

In using the adopted form of Equation (1) to model line
profiles, we have made several assumptions. First, that the
X-ray line emission is taken to be well-described by collisional
ionization equilibrium in which every collisional excitation is
from the ground state and results in a radiative transition with
negligible optical depth in the lines. This serves as the basis of
the density-squared emissivity. Second, the continuum opacity
of the WR 6 wind is very large. In soft X-rays, the large radial
optical depth prevents us from seeing down to the acceleration
zone, so constant expansion is a reasonable assumption for the
visible plasma. In this limit, if we assume that all X-ray
emission lines have the same profile, then it means they all

sample the same terminal velocity with the same temperature
(or same temperature distribution).
To relax the latter assumption, that all lines have a common

thermal origin with a similar hot gas filling factor, we allow the
exponent, q, to be non-zero. In this way, we can fit individual
profiles to explore trends in expansion velocity or shape. For
example, the continuum opacity is lower at shorter wave-
lengths; if it is significantly smaller such that we can see
deeper, where conditions may be different, we might expect the
shortest wavelength lines to have a different shape from the
longer wavelength lines even though all the lines form in the
asymptotic terminal speed flow.
We have implemented the model line profile as a parametric

fit function, but also as a global intrinsic line profile in the
APEC model evaluation (that is, our APEC model, in addition
to the usual parameters of temperatures, normalizations,
abundances, and Doppler shift, has wind-profile parameters).
To determine the profile parameters (since the global plasma
model is not necessarily the best model for all features), we
independently fit narrow spectral regions containing strong or
important lines by adopting the four-temperature model as a
starting point and then fit the normalization, relevant elemental
abundances (to allow optimization of the line-to-continuum
ratios), and—of primary interest—wind parameters q and v∞.
We adopted a line of sight Doppler velocity of 46.2 km s−1,
which is the exposure-time weighted mean of the systemic
(Firmani et al. 1980) plus line of sight velocities for the three
observations that ranged from 34 to 66 km s−1. The differences
between the observations are negligible considering the
resolution and the line width, though very important to set
a priori because the terminal velocity and Doppler shift are
degenerate parameters. We take the Doppler velocity as a given
and do not fit the line center.
One must be careful to distinguish the line center from a line

centroid. A common diagnostic of stellar winds is often
referred to as a “blueshifted profile.” This is incorrect when
referring to the volume-integrated profile: the centroid is
blueward of the line center because the wind opacity causes the
emergent profile (centered at zero velocity) to be skewed
through absorption of locally redshifted wind emission. Here
we specifically refer to the theoretical line profiles’ centers
when we indicate the line position.

Table 3
Model Parameters

Property Value

Temperatures, Tx (MK) 1.5, 4.0, 8.0, 50
Normalizations (relative) 10, 3.3, 1.9, 0.9
log fx( erg cm−2 s−1) −11.9
log L x( erg s−1) 32.9
log (L x/L bol) −6.3
log NH (cm−2)a 21.2

Note.
a Foreground interstellar absorption. Flux is as observed, whereas luminosity
has been corrected for foreground interstellar absorption.

Figure 3. Example intrinsic line profiles for constant spherical expansion for
several values of q as defined by Equation (1).
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The value-added from profile modeling effort:
X-rays consistent with emerging from terminal speed flow

(line shape flux function)

APPLICATION of model profiles for constant expansion

(q relates to radial 
filling factor distribution)



Porosity 
Effects

from Ignace 2016
Figure 7: Left: An illustration of porosity effects on line profile shapes. The profiles are
normalized to a peak value of unity. Red is for a smooth wind with τ0 = 1; blue is τ0 = 0.
In black from solid to long dash are profiles with h∞ = 0.01, 0.1, 1.0, and 10, respectively,
all with τ0 = 1. Right: Shown is the percent difference between normalized line profiles
appearing in the left panel, with the red curve as the reference profile. Magenta (top) is
the percent difference between the blue curve and the red one. The black curves are for
winds with porosity corresponding to the lines in the left panel. Moving from small to
large porosity lengths leads to a wind that is increasingly optically thin to photoabsorption
for fixed τ0.

Owocki & Cohen (2001) presented a parameter study for line profile
shapes for smooth winds. As previously noted, it is standard to adopt a
beta velocity law for the wind velocity. The rise in speed, from an inner
value of v0 to an asymptotic value of v∞, is approximately linear with ra-
dius for a portion of the inner wind. As a way of illustrating the influences
of different model parameters, example line profiles are presented here using
a linear velocity, with v(r) = kr,

One motivation for a linear velocity law is that the photoabsorbing optical
depth has an analytic solution for κ(r) a constant. A second motivation is
the interesting property that the escape of photons is always isotropic for
a linear velocity, even when the line is optically thick. This means that
PS/P̄S = 1 for all values of τS,0.

Conceptually, the emission profile contribution from a geometrically thin
spherical shell is flat-topped in shape, regardless of optical depth for a linear
law. Ignoring stellar occultation, the FWHM of the shell’s contribution is

24

left to right:  mean free path 
between clumps 

upper to lower: spherical 
versus flat clumps

from Sundqvist 2012

smooth

porous

upshot of  porosity is to
“waste” absorption thru

spatial concentration that 
allows avenues of  escape



Distribution 
Effects

from Ignace 2016

Figure 8: Example emission line profile shapes using v(r) ∝ r, with each profile normalized
to peak emission. Each panel shows four model profiles for τ0 = 0 (solid), 1 (dotted), 4
(short dash) and 14 (long dash). Upper left is for a constant photoabsorbing opacity; upper
right is for one that varies with radius (see text). Lower panels are for constant absorption
coefficient. Lower left is for rX = 1.4R∗, and lower right is for a radius-dependent filling
factor (see text).

cos θ = −wz u/uc. (54)

However, the wind opacity can be influenced by the radial dependence
of the ionization in the wind, such as the recombining of ionized He (Hervé

26

Illustration of impacts 
from “recipe ingredients”
• All are peak normalized
• All lines assume v ~ r
• 4 curves for 4 absorbing 

optical depths
• upper for different 

absorbing distributions
• lower for different source 

distributions

Choices!

u = R*/r
Subtle differences



Rotational Effects:   Wind Distortion

-1 -0.5 0 0.5 1

0

2

4

6

8

Using Owocki, Cranmer, & Gayley for distorted wind density and Maeder 
& Meynet global mass-loss dependence on rotation; constant expansion case

again: think “deviation from flat-top”



Rotational 
Effects:  
Vlaw+Wind 
Absorption

Now using a beta=1 velocity law

• no rotational velocity; 
    purely radial flow
• only rotationally distorted 
    density distribution
• and rotationally modified 
    terminal speed
• most prominent influence 
    is directional escape of 
    x-ray photons



Rotational 
Effects:

Corotating Magnetosphere
• Uses Rigid Field 

Hydrodynamics (RFHD) 
model of Townsend+ 
2007

• semi-qualitative approach 
for an aligned dipole

• note isovelocity zones 
are planes seen edge-on, 
with left-right symmetry

• no radial flow or 
photoabsorption; pure 
solid-body velocity field

NOTE:  thin line with spherical shell in 
solid body rotation is also flat-top



3D Effect:  Clump Bowshocks

Vector Flow

Streamline
Flow

Density

Temperature

Emission
Measure

hydro assumes adiabatic cooling

Cassinelli+ 2008
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ABSTRACT

The consequences of structured flows continue to be a pressing topic in relating spectral data to physical processes
occurring in massive star winds. In a preceding paper, our group reported on hydrodynamic simulations of hypersonic
flow past a rigid spherical clump to explore the structure of bow shocks that can form around wind clumps. Here we
report on profiles of emission lines that arise from such bow shock morphologies. To compute emission line profiles,
we adopt a two-component flow structure of wind and clumps using two “beta” velocity laws. While individual
bow shocks tend to generate double-horned emission line profiles, a group of bow shocks can lead to line profiles
with a range of shapes with blueshifted peak emission that depends on the degree of X-ray photoabsorption by the
interclump wind medium, the number of clump structures in the flow, and the radial distribution of the clumps.
Using the two beta law prescription, the theoretical emission measure and temperature distribution throughout the
wind can be derived. The emission measure tends to be power law, and the temperature distribution is broad in
terms of wind velocity. Although restricted to the case of adiabatic cooling, our models highlight the influence
of bow shock effects for hot plasma temperature and emission measure distributions in stellar winds and their
impact on X-ray line profile shapes. Previous models have focused on geometrical considerations of the clumps and
their distribution in the wind. Our results represent the first time that the temperature distribution of wind clump
structures are explicitly and self-consistently accounted for in modeling X-ray line profile shapes for massive stars.

Key words: stars: early-type – stars: massive – stars: mass-loss – stars: winds, outflows – X-rays: stars

Online-only material: color figures

1. INTRODUCTION

The subject of X-ray production in massive star winds
continues to be an evolving field of study. The superionization
seen at UV wavelengths of OB stars were best explained by
a model that had a source of X-rays in the winds (Cassinelli
et al. 1978; Cassinelli & Olson 1979). Initial observations by
the Einstein observatory made the important discovery that
essentially all O-stars were X-ray sources (Harnden et al. 1979;
Seward et al. 1979). A key finding to emerge from these early
observations is that the observed X-ray luminosities are roughly
correlated with the bolometric luminosities as LX ≈ 10−7LBol
(e.g., Cassinelli et al. 1981). Additional more extensive studies
confirmed the relationship (e.g., Berghoefer et al. 1997; Nazé
et al. 2011), although the basis of the relationship continues to
be a point of investigation (e.g., Owocki & Cohen 1999; Owocki
et al. 2011). In addition, the majority of OB stars display soft X-
ray emissions with temperatures kT < 1 keV (e.g., Berghoefer
et al. 1996; Güdel & Nazé 2009).

Two pictures for the X-ray emission from hot stars arose: one
involving a coronal zone at the base of a cool wind (Cassinelli
& Olson 1979) and one involving shocks that form by line-
driven wind instabilities (Lucy & White 1980; Lucy 1982).
The coronal model as the sole source of the observed X-ray
emission was quickly ruled out based on analyses of the earliest
higher spectral resolution observations using the Solid State
Spectrometer (SSS) on the Einstein observatory. Cassinelli &
Swank (1983) found that the predicted large X-ray optical depths
expected for a base coronal source of X-rays were incompatible
with the observed SSS spectra. They further suggested that these
winds consist of many shock fragments to explain the lack of
significant X-ray variability.

Studies of X-ray emissions from OB stars have focused
primarily on exploring the wind-driven instabilities (or line de-
shadowing instability) as a process of producing a distribution
of wind shocks (e.g., Owocki et al. 1988). A detailed picture
of the expected X-ray production from these wind shocks was
given by Feldmeier (1995), and Feldmeier et al. (1997) showed
that a wide range of temperatures could be produced in a planar
shock front.

We are now in an era of high spectral resolution X-ray
astronomy with a few dozen massive stars having been studied
in long pointed observations (e.g., Walborn et al. 2009). Better
quality data have led to a host of new questions concerning the
physics of X-ray generation in massive star winds (e.g., Waldron
& Cassinelli 2007, hereafter WC07). Most of the X-ray line
emission is clearly formed within the winds. A triad of lines
from He-like ions (forbidden, intercombination, and resonance
or “fir” lines) provide direct information about the formation
radius of X-ray line emission (Kahn et al. 2001; Waldron &
Cassinelli 2001; Leutenegger et al. 2006). Supergiant winds
typically show that the lower energy ion stages such as O vii
tend to form near or above 10 R∗, intermediate energy ions
(e.g., Ne ix and Mg xi) form deeper at ≈3 to 8 R∗, and high
energy ions such as Si xiii and S xv form relatively close to
the star (<2R∗). Waldron & Cassinelli (2001) suggested that
these differences in depths could perhaps be explained from
considerations of wind absorption effects, since the cool wind
opacity scales as κ ∝ λ3. Thus, winds are more transparent
at shorter wavelengths (higher energies). Waldron & Cassinelli
(2001) also noticed that the location of line formation for the
He-like ions appeared to correlate with the respective radii of
optical depth unity for the X-ray photoabsorption (cf. Cassinelli
et al. 2001; Miller et al. 2002; Oskinova et al. 2006; WC07).
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Figure 1. Plot of bow shock apex temperatures TA for clumps located at different
positions in the wind. The temperature is normalized to Tlim (see the text). The
upper panel shows location in terms of the interclump wind velocity; the lower
panel shows for the clump velocity. Curves are for different βcl values, ranging
from 2 (lowest curve) to 8 (highest curve) in integer intervals.

This relation can be used to find TA(r), which proceeds as
follows.

Equation (12) along with the preceding expression gives

TA = 3
16

µmH

k
∆V 2, (20)

= 3
16

µmH

k
V 2

∞ {w [1 − w(βcl−1)]}2, (21)

≡ Tlim {w2 [1 − w(βcl−1)]2}, (22)

where Tlim is implicitly defined as the highest possible tempera-
ture in our model of outflow that occurs for a velocity jump that
is equal to the wind terminal speed.

Now the maximum hot plasma temperature Tmax in the wind
model can be determined. In the velocity coordinate of the
interclump flow, Tmax, is achieved at a critical value wc as given
by

wc =
(

1
βcl

)1/(βcl−1)

, (23)

which in the clump velocity becomes

wcl,c =
(

1
βcl

)βcl/(βcl−1)

. (24)

The radial location of Tmax is at a corresponding critical radius
value of rc, with

rc = b

1 − wc
. (25)

The value of Tmax is determined by just two parameters: the
value of βcl and the wind terminal speed via Tlim, as given by

Tmax = Tlin (βcl − 1)2 β
−2βcl/(βcl−1)
cl . (26)

Figure 2. Inset (top center) shows the location of a clump at angle ϑ around the
star from the observer’s axis. The plot shows example emission line profiles,
all normalized to have unit area, for individual clumps located at the indicated
orientations. In each case the clump is at the same radius, and so all profiles
have the same apex temperature TA. Solid curves are for clumps on the near side
of the star; dashed are for ones on the far side.
(A color version of this figure is available in the online journal.)

Figure 1 shows the distribution of TA in terms of the maximum
possible temperature Tlim with different curves for different
values of βcl. This is plotted against the normalized velocity
of the interclump wind in the upper panel, and against the
normalized velocity of the clumps in the lower panel. The curves
range from βcl = 2 (lowest curve) to βcl = 8 (highest curve)
in integer values. As βcl increases, Tmax shifts to progressively
higher velocities of the interclump wind but lower velocities
for the clump flow. Values of TA at different velocity locations
are at the level of a tenth to a few tenths of Tlim. For typical
massive star wind speeds of 1000–3000 km s−1, Tlim has values
of 10–100 MK.

3. LINE PROFILES FOR AN INDIVIDUAL CLUMP

Before developing emission line profiles for clumped winds,
it is instructive first to consider the emission line shape arising
from a single clump. As an example case, we consider a clump
at a location of 2R∗ that follows a βcl = 3 velocity law. The
velocity jump is ∆V ≈ 0.4V∞. Figure 2 demonstrates the
diversity in profile shapes for this single clump when it is located
at different positions around the star, as given by the angle ϑ
illustrated by the inset. The abscissa is the LOS observer velocity
shift wZ = vZ/V∞. Note that the profiles have been normalized
to have unit area. Values of ϑ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦,
and 180◦ were considered as labeled. For this figure both stellar
occultation and absorption of X-rays by the clump itself are
ignored, and the interclump wind is taken to be completely
optically thin to X-rays.

Except for ϑ = 0◦ and 180◦, which are for clumps that lie
along the LOS to the star, the profiles tend to be double-peaked
and asymmetric. One exception is when a clump is at ϑ = 90◦;
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Figure 3. Similar to Figure 2 but now profiles are for clumps only at ϑ = 90◦ and
with different temperature intervals. The emissivity is taken to be constant within
the temperature range of Tlo up to TA, with Tlo = 0.1, 0.3, 1.0, and 3.0 MK
from the most narrow line (blue) to the broadest one (black), respectively.
(A color version of this figure is available in the online journal.)

the profile is still double-peaked but also symmetric since it lies
in the plane of the sky with the star center. Generally, the double-
horn shape is a consequence of the complex velocity field in the
bow shock. The shapes become more nearly single-peaked as
they approach the LOS to the star center. This is because the
observer views the bow shock exactly along its symmetry axis.
In conclusion, for a clump at ϑ = 0◦ and 180◦, only the Vz
component contributes to observed Doppler shifts, but for a
clump located at ϑ = 90◦, only the V" component contributes.

For the profiles of Figure 2, emission from the bow shock
contributes from the peak temperature TA down to an imposed
minimum of 0.5 MK, which we use as a low temperature cut-off
for hot plasma X-ray production. However, real lines form only
over a restricted temperature range with consequences for the
line shape. Consider a hypothetical line that forms between 2
and 3 MK. For a bow shock with TA = 10 MK, this line would
arise spatially from an annular band centered on the symmetry
axis of the bow shock and offset from its apex. Consequently,
realistic lines that form over different temperature ranges will
tend to have different shapes, because they sample different
portions of the post-shock velocity field.

Figure 3 illustrates this effect through the use of simple
temperature cutoffs. The different curves are for line emission
with different low temperature thresholds Tlo. Below Tlo the
emissivity is zero; above it, the emissivity is independent of T.
In this example, clumps are placed at ϑ = 90◦. The profiles
becomes progressively broader as the lower temperature cutoff
increases, with values of Tlo = 0.1 MK (blue), 0.3 MK (green),
1.0 MK (red), and 3.0 MK (black).

To understand the growing line width with increasing Tlo,
recall that the EM of a clump is dominated by the low temper-
ature gas. For a clump at ϑ = 90◦, the bow shock is viewed
perpendicular to its symmetry axis. Only V" components of the

post-shock velocity field contribute to observed Doppler shifts.
With the lowest temperature gas found furthest downwind of
the bow apex, where the velocity vector is more nearly tangent
to our LOS, V" tends to be relatively small. Lower speed flow
in the bow shock is to be found closer to the apex; however, this
flow has a relatively larger component in the "̂ -direction be-
cause of the greater curvature, with higher LOS Doppler shifts
resulting at the bowhead. But the bowhead is exactly where
the hottest plasma is to be found. Thus raising Tlo means that
the bowhead region increasingly dominates the line formation,
typically leading to a broader line for the given geometry.

Two final comments. First since increasing Tlo restricts the
contributing volume, higher values of Tlo also lead to weaker
lines for a given clump. This is not apparent from Figure 3
because each profile is normalized to unit area. Second, the
stagnation point at the bowhead is where the gas is hottest and
has intrinsically very low speed flow in the clump rest frame. If
Tlo were to approach the value of TA the profiles would actually
narrow, a limit not reached in the examples of Figure 3.

4. LINE SHAPES FROM AN ENSEMBLE OF CLUMPS

Although it is important to understand the emission profile
from an individual clump bow shock, stellar winds are under-
stood to be highly structured from many lines of evidence (e.g.,
Lupie & Nordsieck 1987; Hillier 1991; Moffat & Robert 1994;
Lepine & Moffat 1999, 2008; Oskinova et al. 2004; Owocki &
Cohen 2006; Prinja & Massa 2010; Muijres et al. 2011). Within
our framework, this means there is more than one clump. Fore-
most is the basic observation that X-ray emissions from single
massive stars are not highly variable. Although there is sug-
gestive evidence of line variability (e.g., Nichols et al. 2011;
Hole & Ignace 2012), in terms of bandpass luminosities, OB
stars are typically variable at the level of 10% or less (Cassinelli
& Swank 1983; Berghoefer & Schmitt 1994; Berghoefer et al.
1996, 1997).

Since we know that the observed X-ray emission from these
stars arises from a wind distribution of X-ray sources, we
now need to consider an ensemble of clump bow shocks for
producing synthetic line profiles. We recognize that the intrinsic
time-dependent nature of the problem which, in principle,
requires a full radiation hydrodynamics approach (e.g., Dessart
& Owocki 2003, 2005). Since a goal of this paper is to present an
initial analysis of line shapes arising from bow shock structures,
such a detailed approach is beyond the scope of this paper. Our
basic premise is that observed emission lines reflect a time-
averaged wind flow. High energy resolution X-ray spectroscopy
of high signal-to-noise requires exposure times ranging from 50
to 200 ks. By contrast, the characteristic flow time in a massive
star wind is R∗/v∞ ∼ 1–10 ks. This means that a typical massive
star X-ray spectrum is formed over multiple flow times, which
tends to average over structural variations that are stochastic.

4.1. The Limit of Many Clumps

Having considered emission profiles from an individual
clump in Section 3, here we consider the opposite extreme of
many clumps, which we refer to as the effectively “smooth”
limit. It is imagined that large numbers of clumps are uniformly
distributed in radius and orientation about the star to achieve
strict spherical symmetry. Certainly, approximate spherical
symmetry is consistent with low limits on the net continuum
polarizations in O-stars (McDavid 2000; Clarke et al. 2002).
Polarization of unresolved sources is related to deviations of a
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Figure 7. Line profile shapes for an ensemble of clumps with τ∗ = 0.1. Panels
are distinguished by the number of clumps Ncl used in the model, with (a) 4,
(b) 8, (c) 16, (d) 32, (e) 64, and (f) 128 clumps. Model line profiles are shown
in black; overplotted are red curves that include the effects of instrumental
smearing are included. Finite spectral resolution is approximated by convolving
model lines with a Gaussian that has σ = 0.05V∞.
(A color version of this figure is available in the online journal.)

producing structures are placed in velocity space influences the
line profile shape. Our choice of dN/dV as uniform is merely
a convenience for purposes of illustration.

Figure 7 shows examples of emission lines for different clump
ensembles. The wind photoabsorption optical depth is set to a
low value of τ∗ = 0.1. All profiles have been normalized to
unit area and so no vertical scale of flux is provided. The six
panels labeled (a)–(f) correspond to different numbers of clumps
Ncl with 4 in (a), 8 in (b), 16 in (c), 32 in (d), 64 in (e), and
128 in (f). The black curves are the intrinsic profiles of the
model calculation, whereas the red curves are convolved by a
Gaussian to simulate the effect of instrumental smearing from
finite spectral resolution.

It is important to note that the number of clumps contributing
to a given profile is generally less than the value of Ncl. This
occurs for a couple of reasons. First, we adopt a threshold
temperature of 0.5 MK for gas to contribute to the line. If the
apex value TA is less than the threshold, then all the gas in the bow
shock of that clump is also less than the threshold. The threshold
eliminates those clumps that are very near the photosphere and
very far away, where ∆V is too small to generate the requisite
temperatures for X-ray emission. The second reason is that some
clumps are occulted.

WithNcl on the order of several tens and higher, the convolved
profiles are reasonably symmetric (but not exactly so). Of course
the extent of blueshifted peak emission and line width is a
function of photoabsorption optical depth.

We have not properly dealt with the fact that there is generally
a broad range of temperatures across the bow shock. The
emission lines of Figure 7 still adopt a temperature-independent
line emissivity as was used for the effectively smooth wind case

of Section 4.1. A temperature-dependent emissivity should be
included when fitting observed line profiles for specific sources.

5. SUMMARY AND CONCLUSIONS

Paper I of this series presented results of a hydrodynamic
simulation for purely adiabatic cooling with a plane-parallel
hypersonic flow impinging upon a rigid spherical obstacle in
the rest frame of that obstacle. The simulation was conducted
under the assumption that individual clump structures are much
smaller than the radius at which they are located. In that paper
the flow and temperature structure were described, and two quite
interesting simplifications were emphasized. First, it was found
that the DEM followed a power-law form. Second, the emission
measure was to be found primarily in a thin “sheath” of post-
shock volume. Thus Cassinelli et al. (2008) introduced the on-
the-shock approximation, or “OTSh,” whereby the bow shock
geometry determines the T and DEM distributions necessary for
computing observables.

In this second paper, we adopt the OTSh to model X-ray
emission lines that would arise from an individual bow shock
and from an ensemble of bow shocks. This follows on a long
string of papers to explain the unexpected observed X-ray line
profile shapes from a number of massive stars in terms of
structured flows, based on fragments of planar shocks (Oskinova
et al. 2004) or porosity arguments (Owocki & Cohen 2006).

An individual clump tends to produce an asymmetric double-
horned emission profile that is offset from line center, depend-
ing on its radial and lateral location around the star from the
observer. Evidence indicates that massive star winds are charac-
terized by large numbers of clump structures. To model the line
shapes from an ensemble of clumps, we adopted a parametric
two-component flow approach using two wind β-laws: one for
the interclump wind flow and one for the clump flow. The dis-
tinction in β-laws leads to radius-dependent velocity jumps that
govern the temperature range of the bow shocks. Of particular
interest is that this approach yields a number of semi-analytic
relationships for the T and DEM distributions throughout the
flow, which in principle are properties that can be tested against
observations (e.g., Waldron & Cassinelli 2009; Guo 2010).

Using this construction, emission line profiles were calculated
in the “smooth” limit of many uniformly distributed clumps
and for the case of a discretely structured flow. As expected,
peak emission of the lines are a function of the degree of
photoabsorption. The bow shock paradigm yields line shapes
that are somewhat symmetric at modest photoabsorption optical
depths of a few, where the influence of rmin on the line shape can
no longer be perceived. In contrast to a uniform distribution of
clumps, the discrete case leads to profiles with spikey features;
however, these are much too narrow to actually resolve with
current instrumentation. Using a simple temperature cutoff
approach, we also find that profile widths can depend on the
temperature interval of line formation.

All of these results represent a promising starting point for
tailored analyses of individual objects, for calculating spectral
energy distributions, and for investigating X-ray variability. Pre-
vious efforts have focused primarily on geometrical considera-
tions for explaining X-ray line profiles shapes observed from OB
stars, in the form of discrete clumps, clump distributions, and/
or filling factor considerations. Our results explicitly include
temperature distributions throughout the wind flow, which is a
forward step in X-ray line profile synthesis modeling.

In closing we remind the reader that our approach has
relied on simulations that adopt purely adiabatic cooling for
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A B S T R A C T 
We fit a new line shape model to Chandra X-ray spectra of the O supergiant ζ Puppis to test the robustness of mass-loss rates 
derived from X-ray wind line profiles against different assumed heating models. Our goal is to track the hot gas by replacing the 
common assumption that it is proportional to the cool gas emission measure. Instead of assuming a turn-on radius for the hot 
gas (as appropriate for the line-deshadowing instability internal to the wind), we parametrize the hot gas in terms of a mean-free 
path for accelerated low-density gas to encounter slower high-density material. This alternative model is equally successful as 
previous approaches at fitting X-ray spectral lines in the 5–17 Å wavelength range. We find that the characteristic radius where 
the hottest gas appears is inversely proportional to line-formation temperature, suggesting that stronger shocks appear generally 
closer to the surface. This picture is more consistent with pockets of low density, rapid acceleration at the lower boundary 
than with an internally generated wind instability. We also infer an o v erall wind mass-loss rate from the profile shapes with a 
technique used previously in the literature. In doing so, we find evidence that the mass-loss rate derived from X-ray wind line 
profiles is not robust with respect to changes in the specific heating picture used. 
Key words: line: profiles – stars: early type – stars: massive – stars: mass-loss – stars: winds, outflows – X-rays: stars. 

1  I N T RO D U C T I O N  
X-ray spectra from hot stars (spectral types O, B, and WR) are a well- 
established diagnostic for constraining stellar wind properties. A 
significant example of this is the technique developed in Cohen et al. 
( 2010 , hereafter C2010 ) where the authors determined the mass-loss 
rate of the O supergiant ζ Puppis (HD 66811) from the shape of its 
X-ray line profiles. The line shapes constrain the total wind column, 
and hence mass-loss rate, while also providing information about 
the spatial distribution of the heating. Ho we ver, the precise nature of 
the spatial distribution can be parametrized in very different ways, 
depending on the assumed efficiency of the heating mechanism. The 
approach of C2010 was inspired by the line-deshadowing instability 
(LDI, e.g. Owocki & Rybicki 1984 ; Owocki & Sundqvist 2018 ), 
which is less active in the hemispheric radiation field near the surface. 
Hence they fit to a turn-on radius and were able to achieve satisfactory 
agreement with the hard X-ray profile shapes. We will refer to this 
general approach to hot-gas parametrization as the LDI-inspired 
version of the Embedded Wind Shock Model (EWSM). 

When dealing with lo w-order parametrizations, ho we ver, a suc- 
cessful fit does not imply uniqueness of the model, and other pictures 
for how the heating occurs might also moti v ate parametrizations that 
can fit the X-ray line shapes. This paper considers such an alternative 
that replaces a turn-on radius with a concept of a velocity-dependent 
" E-mail: sean-gunderson@uiowa.edu 

mean-free path for fast gas to o v ertake the slo wer pre v ailing wind. 
Also, the C2010 approach is to assume the hot-gas emission measure 
is proportional to that of the cool unshocked wind, consistent with 
a picture of hot gas appearing o v er a radially constant fraction of 
wind volume. But there is no a priori reason for the hot gas to 
exhibit such a radially constant volume-filling factor, especially 
when the filling factor is locally regulated by radiative cooling of 
the shocked gas, so the approach taken here is to assume efficient 
radiative cooling that makes no necessary reference to the emission 
measure of the cool gas. When all the heat thermalized in the shocks 
is assumed to radiate quickly, the hot-gas emission measure simply 
responds to the local heating rate, and it is only the latter that requires 
parametrization. This contrasts with the C2010 approach, which is 
more natural for inef ficient radiati ve cooling that pegs the X-ray flux 
to the predetermined emission measure of the cool gas. 

In summary, our goal is to perform an analysis similar to C2010 on 
recently updated Chandra X-ray data, but for a heating parametriza- 
tion that is more appropriate for fast flows that are initiated from the 
lower boundary and which create shocks that efficiently radiatively 
cool, whereas the C2010 approach uses an X-ray generation that is 
more appropriate for inefficiently cooled shocks created internally 
in the wind by the LDI beyond an assumed initiation radius. Our 
goal is to test whether such an alternate parametrization can also 
successfully fit the profiles, and if doing so yields additional insights 
about the heating mechanism. We also wish to test how sensitive 
the inferred wind column depths are to the choice of heating 
parametrization. Our confidence in the inferred mass-loss rates will 
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Gunderson+ 2023:

Line profile calculation depends
on TWO main ingredients:

• source distribution (choices)
• escape distribution (choices)

Most line modeling proceeds on
assumption of r2 emissivity;
Gunderson+ have proposed prompt
energy dump by wind shocks.

Source 
Effects



He-like triplets normally yield density and temperature diagnostics; however, UV 
pumping from hot stars ends up yielding a location diagnostic (via the dilution factor).

Multiplet Effects: Proximity Diagnostic from f/i ratios



Example Application of He-like Triplets

OB stars like zeta Pup 
typically show a 
suppressed forbidden 
component owing to UV 
pumping effects

XMM/RGS data of  WR6 
shows normal ratios, 
indicating an absence of  
UV pumping and 
supporting line formation 
at (somewhat) large radii



Modeling f-i-r Lines

R0 is without UV pumping

f-i-r weighting factors

emission line calculation

Leutenegger+ 2006

Chandra has not been able to resolve the separate triplets for winds



f-i-r Profile Shapes for hi-res
Level of  pumping is distance 
dependent and imposes 
differential imprints on the 3 
line component profiles

Hi-resolution could provide 
new ways of  probing the 
velocity field of  the hot 
plasma (here v ~ r assumed)

General rule for broadening 
of  peak normalized profiles: 

i-line narrowest and 
f-line broadest

red is i-line; black is r-line; blue is f-line

Note:  peak normalized for comparison of  shapes



Some f-i-r Profile Possibilities

f-line is broad because emission is weak!!!
photon-starved diagnostic



Polstar UV Spectropolarimetry Mission 
Concept



Thank you!

Questions?



SUMMING UP
Large X-ray telescopes and their unprecedented spectral capability continue to 
make this an exciting time for the study of the driving and structure of massive 
star winds.  Yet more can be achieved with future missions.

o X-rays probe shocks in massive star circumstellar environs
o Wind-shock paradigm for OB stars seems in decent shape (zeta Pup 

continuum and line shape modeling)
o X-rays from WR stars emerge from large radius (WR6 line shapes)
o Clumping continues to be of interest on many levels, from potential 

porosity effects for escape of X-rays, to clump bowshocks for 
detailed wind structure

o Some of the best-quality O star X-ray data come from reasonably 
fast rotators – time for new considerations of rotational effects?

o Source model approaches for shock X-rays appears ongoing
o f-i-r lines offer a variety of diagnostic potential (some not covered)

o Not covered:  Line profiles probe bowshocks of colliding winds with 
orbital phase; connects observations to hydro simulations


