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ABSTRACT
Recent observations have shown that the emission profiles ofmassive stars such as z Pup and z Ori have

unusually hard x-ray emissions, and the x-ray line profiles tend to be symmetrical and only slightly blueshifted.
We suggest a possible explanation for this: in the highly supersonic stellar winds that form around a massive
star, locally denser regions of the wind form axially symmetric bow shock structures. We treat these denser
regions as rigid spherical "clumps", and assume that they exist randomly around the star. The bow shock shape
is parabolic, with temperatures along the shock in excess of106 K, decreasing from a maximum temperature
at the shock head. Taking into account stellar occultation,clump occultation, and optical depth parameters, we
simulate the line profiles resulting from emission along theshock. We reasonably reproduce the main features
of the observed line profiles, though some parameters, such as the speed of the clumps, remain unclear at this
time.
Subject headings: stars – winds, outflows – Wolf Rayet

1. INTRODUCTION

It has been known for some time that massive stars have
high mass loss rates and fast moving stellar winds. Observa-
tions of these stars, includingζ Pup andζ Ori, by the XMM-
Newton and Chandra observatories have shown line profiles
with unexpectedly hard x-ray emission (Oskinova et al. 2006).
Several theories regarding the production of these x-rays have
arisen, and several have been ruled out. Current theories place
x-ray production in the stellar winds of these stars, in contrast
to the corona.

Stellar winds are the radial outflow of particles from a star.
The stars we deal with emit highly supersonic winds that can
reach speeds in excess of 2500 km s−1.

Interaction between the luminous radiation field and the
gas leads to wind driving by the absorption lines; however
the driving is unstable and generates clumpy wind structuring
(Lucy and White 1980). Howk et al. (2000) have suggested a
mechanism to explain the peculiar starτ Sco, where clumps
can form close to the star due to these instabilities in the wind.
After forming, they are pushed away by the radiation of the
wind until they reach a peak where the force of gravity over-
powers the radiation, pulling the clump back to the star. In the
model, strong shocks and x-ray emitting plasma form as the
ambient wind impacts the infalling clumps.

Hydrodynamic models of the shocks show that they are
approximately axially symmetric paraboloids, with tempera-
tures decreasing from the maximum at the shock head. These
temperatures are hot enough to give off the type of hard x-
rays that are observed. What is peculiar about the observed
profiles, however, is that the x-rays tend not to be shifted and
generally symmetric.

In the following, we first describe our assumptions about
the star and how emission will be calculated. Next, we show
how the shock shapes and emission along the shock is cal-
culated. Then we compute line profiles for an ensemble of
shocks around the star, and consider how occultation and opti-
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cal depth affect the profiles. Finally, we describe the accuracy
of our model, and, in the final remarks, discuss improvements
that can be made.

2. ASSUMPTIONS, FORMULAE, AND PROCEDURE

The focus of our models has been to reproduce observed
emission line shapes. The fundamental assumptions about the
star have to do with the equations for velocity of the wind and
the equations for optical depth.

We based the wind velocity on a standard velocity law com-
monly used in wind models:

v(r) = v∞
(

1−b/r
)γ

(1)

wherev∞ is the maximum velocity of the wind (we used a
value of 2500 km s−1), b is a constant (we used 0.98R⋆), and
r is the spherical radius away from the star. We used aγ = 1
in our calculations of the optical depth.

The hot gas producing the x-rays is a minor component of
the interior wind. The bulk of the wind can absorb x-ray pho-
tons. Thus, the photoabsorbing optical depth of the wind was
calculated using the following integral:

τ τ0

∫ ∞

z

dz
r2 w

(2)

whereτ is the optical depth,τ0 is a scaling parameter,z is
the coordinate extending from the star to the observer where
zero is at the center of the star, andw = v(r)/v∞ is the nor-
malized wind velocity.

Assumptions about the shocks and clumps were based on
hydrodynamic simulations. The clumps are treated as rigid
spheres, with near paraboloid shocks forming in front of them
(Moeckel et al. 2002). The equation for the shape of the shock
in 2D is

G =

(

ϖ
ϖ0

)β

− z0 (3)
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whereϖ is a cylindrical radius from thez-axis, β is sim-
ply a power (we use 2 in our simulation),z0 is the distance
from the center of the clump to the shock head, andϖ0 is
the cylindrical radius of the shock (in thedirection) from the
center of the clump. The full 2D shock surface derives from
rotating this parabola about thez axis. We assume that X-ray
emitting plasma is blown tangent to the shock by the wind,
so the velocity vector for the hot gas is set by the shock jump
conditions at the shock.

Line profiles were generated by determining the emission
and velocity as a function of position on the shock surface,
computing and binning the line flux. The total emission for an
optically thin emitting gas is related to the emission measure:

EM =

∫

n2 dV (4)

wheren is the number density of the wind, and the integral
is taken over the hot gas volume.

Equally important is the differential emission measure with
respect to temperature. The hydro simulations reveal this dis-
tribution to be

dEM
dT

= EM0

(

T
T0

)−7/3

(5)

whereEM0 sets the total emission measure from the entire
shock,T is the temperature at some point on the shock, and
T0 is the maximum temperature at the shock head. The tem-
perature along the shock is calculated as follows:

T = T0

[

1+

(

dG
dϖ

)2
]

(6)

Thus the total flux for each observed velocity bin in the line
profile is the weighted sum of the emission for each volume
bin:

Fbin =
1

D2

∑

T

∑

φ

Wν Λ(T )
dEM
dT

∆T ∆φ (7)

whereΛ(T ) is the cooling function,Wν is a weighting func-
tion, and∆φ is the step size in azimuth around the shock.

Clump placement was random, and control parameters for
the model model includeT0, τ0, EM0, the viewing inclination,
number of clumps, andv∞. Raw data was processed using
convolution to simulate the resolution limitations of current
detectors, simulating an observed profile.

3. RESULTS

We are trying to show that our model line profile for clump
bow shocks is close in shape to the observed profiles that
are symmetric, yet very slightly blueshifted from line center.
In order to do this, we first considered the profile of a non-
occulted, optically thin wind, with a homogeneous spread of
bow shocks at a fixed radius of 2R∗.This produces a flat top
profile, as seen in the top graph of Figure 1.

The middle and bottom graphs, respectively illustrate the
effects of stellar occultation and optical depth. As you can
see, stellar occultation is a relatively minor effect, cutting off
mainly the most redshifted emission from the profile. The
bulk of emission can be blocked by the photoabsorption of the
wind. As in Figure 2 photoabsorption absorbs more redshifted
emission than blueshifted, creating the peak-like structure:

FIG. 1.— Succession of profiles illustrating the effects of stellar occultation
(middle) and optical depth (bottom) on a flat-top profile (top).

FIG. 2.— This illustrates the effects of differentτ0 values on the flat top
profile. The profiles representτ0 values of 0, 0.1, 0.3, 0.5, 0.7, and 1, from
largest to smallest.

These profiles illustrate the combined effects that optical
depth and stellar occultation can have on the profile when
the radius of the clumps is fixed. The variable radius profile
without these parameters would look more like a symmetric
peak about line center, due to the clumps appearing at differ-
ent radii, thereby sampling different wind densities. Occulta-
tion and photoabsorption shape the variable radius profile into
the symmetric and blueshifted profile that has been absorbed.
This only occurs, however, when clumps are homogeneously
distributed. To achieve this, a large number of clumps must be
used, making it an important factor in determining the profile
shape.

One of the most successful aspects of our model was the
effect of the number of clumps on the shape of the profile.
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FIG. 3.— Each graph is a line profile generated using a different number of clumps as given byn.

We found that we needed to run a model with∼ 104 clumps
to get a smooth profile. This suggests that clumps are not
rare occurrences around these stars, and that they must form
in large numbers and exist for some time in the wind. The
effects of clump number are illustrated in Figure 3.

Despite the change in profile shape with different clump
numbers, the profiles stay relatively consistent in both size
and shape as long as a sufficient number of clumps are used.
This is due to the radial distribution of clumps around the
star. With a larger number of clumps there is a larger dis-
tribution of velocities for the emission from the shocks, cre-
ating a smoother profile. However, once a large number of
clumps is used, the shape stays more or less the same in size
and width. Figure 4 shows the thickness of the profile shapes
as ten models with the same constraints are overlaid on each
of the different graphs. As expected, the larger n results in
less variation.

4. DISCUSSION AND FUTURE PLANS

Our model x-ray profiles have the same characteristics de-
scribed by Cohen et. al. (2006): symmetric and slightly
blueshifted. This suggests that the clump bow shock model of
x-ray emission is promising, however there is still much work
to be done. More precision work can be done on the modeling
code allowing it to fit observed emission profiles accurately,
rather than simply emulate the shape. Our project, however,
shows promise by demonstrating the value and validity of this
theory.
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FIG. 4.— Profile shapes with Gaussian convultion to simulate detector response as achievable by the Chandra observatory instrumentation.
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