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1. Chandra spectra: emission lines are 
broad and asymmetric

2. Hot-star X-rays in context

3. Hot-star winds

4. Emission line shapes: constraints on hot 
plasma distribution and wind mass-loss 
rates
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Globally, O star X-ray spectra look like coronal spectra



But the emission lines are quite broad

Ne X Ne IX Fe XVII
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Capella (G 5 III) -
a coronal source 
of soft X-rays



Each individual line (here is Ne X Lyα at 12.13 Å) is 
significantly Doppler broadened and blue shifted

ζPup

(O4 I)

Capella
(G5 III)

HWHM ~ 1000 km/s

lab/rest wavelength

unresolved at MEG resolution



Hot, Massive Stars
Representative properties:

B0 V: T=30,000 K, M=20Msun, L=105Lsun

O5 I: T=40,000 K, M=40Msun, L=106Lsun

Stars hotter than about 8000 K do not have 
convective envelopes: no convection - no dynamo -
no hot corona…?



In 1979 the Einstein Observatory made the surprising discovery 
that many O stars are strong X-ray sources

Chandra X-ray image of the 
Orion star forming region

θ1 Ori C: a Teff=40,000 K
O7 V star (very young, too)



Sciortino et al. 1990, ApJ, 361, 621

No Lx – vsini
correlation in O stars

Strong correlation 
between rotational velocity 

and x-ray luminosity in 
solar-type stars

Maggio et al 1987, ApJ, 315, 687

Note higher Lx values for O stars; Lx ~ 10-7 LBol



Cassinelli & Swank 1983, ApJ, 241, 681

Low-resolution X-ray observations: 
not enough attenuation of soft X-rays by the overlying 

wind to accommodate a corona 





Radiation-driven winds of O and early-B stars

blue velocity (km/s) red

wavelength
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B0 V



Line driving has an inherent instability

line profile 
function (κν) of an 
ion in the wind

photospheric
spectrum, 
illuminating the 
line



If the ion is perturbed, it moves out of the Doppler shadow, 
absorbs more radiation, and is further accelerated…



The line-driven instability (LDI) should lead to 
shock-heating and X-ray emission

1-D rad-hydro simulation of the LDI



A snapshot at a single time from the same simulation.  
Note the shock fronts.

Most of the wind mass is in dense inter-shock regions, in which cold 
material provides a source of photoelectric absorption



Feldmeier et al. 1997, A&A, 322, 878

Other groups find similar wind structure in their 
simulations



There’s ample evidence for wind variability and structure

Optical line profile variability in WR stars: from 
Lepine et al. 2000, ApJ, 120, 3201



Another rad-hydro 
simulation, but 
plotted in Lagrangian
coordinates. 

The shock-heated 
regions are a small 
fraction of the wind 
mass

Runacres & Owocki 2002, A&A, 381, 1015



Statistics from a long rad-hydro run (vs. radius)

Runacres & Owocki 2002, A&A, 381, 1015

clumping factor 
ρclump/<ρ>

velocity dispersion

density-velocity 
correlation



To analyze data, we need a simple, empirical model

Detailed numerical model with 
lots of structure

Smooth wind; two-
component emission 

and absorption



continuum absorption in the bulk wind preferentially 
absorbs red shifted photons from the far side of the wind

Contours of constant optical depth 
(observer is on the left)

wavelength

redblue



The basic smooth wind model:

for r>Ro

Ro=1.5

Ro=3

Ro=10

τ∗=1,2,8

τ∗ ≡
κ M

⋅

4πR∗v∞

Lλ = 8π 2 je−τ

R*

∞∫−1

1∫ r2drdμ

key parameters: Ro & τ*

j ∝ ρ2  for r/R* > Ro,

= 0  otherwise

τ = τ∗
R∗dz'

r' 2 (1− R∗
r ' )

βz

∞∫



Highest S/N line in the ζ Pup Chandra spectrum

λo-v∞ +v∞

Fe XVII @ 15.014 Å

λ/Δλ ∼ 1000

Fe+16 – neon-like; dominant stage of iron at 
T ~ 3 X 106 K in this coronal plasma

560 total 
counts 

note Poisson 
error bars



τ*=2.0
Ro=1.5

C = 98.5 for 103 degrees of freedom: P = 19%



95%

90%

68%

1.5 < τ* < 2.6  and 1.3 < Ro < 1.7

1/Ro



Onset of shock-induced structure: Ro ~ 1.5



A factor of 4 reduction in mass-loss rate over 
the literature value of 2.4 X 10-6 Msun/yr

τ∗ =
3.6κ150 M−6

⋅

R12v2000

M
•

−6 =
τ∗R12v2000

3.6κ150

τ∗ ≡
κ M

⋅

4πR∗v∞

κ ~ 150 cm2 g-1 @ 15 Å

7 X 10-7 Msun/yr

for τ*=2



Best-fit smooth-wind model with τ* = 8

This is the value of τ* expected from 
M = 2.4 X 10-6 Msun/yr



C = 98.5
C = 178

The best-fit model, with τ* = 2, is 
preferred over the τ* = 8 model with 

>99.999% confidence



The key parameter is the porosity length, 
h = (L3/l2) = l/f

The porosity associated with a distribution of 
optically thick clumps acts to reduce the effective 

opacity of the wind

h=h’r/R*

l’=0.1

Porosity reduces the effective wind optical 
depth once h becomes comparable to r/R*



h = (L3/l2) = 
l/f
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The optical depth integral is modified according to the 
clumping-induced effective opacity:

κeff =
κ 1− e−τ c( )

τ c

from Owocki & Cohen 2006, ApJ, 648, 565



Fitting models that include porosity from 
spherical clumps in a beta-law distribution: 

h=h∞(1-R*/r)β

τ*=2.0
Ro=1.5
h∞=0.0

Identical to the smooth wind fit: h∞ = 0 is 
the preferred value of h∞.



95%

68%

Joint constraints on τ* and h∞

best-fit model

best-fit model with τ*=8 

ΔC=9.4: best-fit model is 
preferred over τ*=8 model 
with > 99% confidence 



τ*=8; h∞=3.3
τ*=2; h∞=0.0

The differences between the models are subtle…

…but statistically significant



Two models from previous slide, 
but with perfect resolution

τ*=8; h∞=3.3
τ*=2; h∞=0.0



95%

68%

Joint constraints on τ* and h∞

Even a model with h∞=1 only allows for a 
slightly larger τ* and, hence, mass-loss rate

h∞ > 2.5 is required if you want to 
“rescue” the literature mass-loss rate



This degree of porosity is not expected from the 
line-driven instability.  

The clumping in 2-D simulations (below) is on 
quite small scales.

Dessart & Owocki 2003, A&A, 406, L1



Line profiles 
synthesized 
from the 2-D 
simulations 
shown on the 
previous slide 
(blue dashed) 
compared to 
those from a 
smooth wind 
(black solid).

The clumping 
structure from 
state-of-the art 
simulations has 
no effect on 
the line profiles. 

Each frame shows 
profiles calculated 
assuming τ*=1,2,5. Courtesy: Luc Dessart



Mass-loss rates of O stars may need to be 
revised downward

Several different lines of evidence:

P V absorption (FUSE) [Fullerton et al. 
2006]

Density-squared emission – radially varying 
clumping (H-alpha and radio free-free) 
[Puls et al. 2006]

Detailed atmosphere + wind UV modeling 
[Bouret et al. 2003]



ζ Ori: Alnitak

O9.7 I

wind is less dense than 
ζ Pup’s

Let’s look at another 
normal O supergiant



ζ Ori (O9.7 I) – the lines 
are broad, shifted, and 
asymmetric

94%

73%

54%

Rejection probabilities are shown 
on the right of each panel.

An unshifted Gaussian doesn’t fit

A shifted Gaussian fits OK

A kinematic, smooth wind model 
with absorption fits better



Fit results for ζ Ori summarized

τ *
The wind optical depths are ~4 times lower than those found 
for ζ Pup…which is roughly consistent with the differences in 

stellar and wind parameters between the two stars

Note that the O VII line at 21.6 Å is 
longward of the O K-shell edge -- evidence 

for non-gray opacity?



Data indicate that the effective opacity is gray: 
all the profiles in a given star’s X-ray spectrum look the same

This is explained naturally 
by a porosity-dominated 
wind; 

But, atomic opacity is also 
quite gray over the 
relevant wavelength range.

Fe XVII @ 15 Å

Waldron et al. 1998, ApJS, 118, 217

OFH2006



Wind opacity: bound-free, primarily from partially 
ionized C, N, O in the ambient wind

Each ion has maximum opacity at 
the photoionization threshold, 
with κ ~ λ3…until the next edge is 
reached.

OFH2006 show only a 
single edge, of neutral O.

Combined effects of different 
elements and the shifting of 
edges due to ionization tend 
to flatten out the opacity.



Conclusions
O star X-ray emission line profiles are 
broadened, shifted, and asymmetric as the 
wind-shock scenario predicts

But the degree of asymmetry requires 
significantly lower wind optical depths than are 
expected in these stars
Clumping and the associated porosity can, in principle, 
alleviate this problem, but only if the degree of clumping is 
unrealistically high – mass-loss rate reductions of factors of 
several are favored

The wind-shock scenario explains the data, but 
O star mass-loss rates are lower than have 
been supposed!


