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Self‐excited instability  Excited by turbulence imposed at the wind base 





shock onset at r ~ 1.5 Rstar 
Vshock ~ 300 km/s :  

T ~ 106 K 

Shocked wind plasma is decelerated back down to the local CAK wind velocity 



There are different types of specific models 
within this paradigm, and many open questions 









Ne X  Ne IX  Fe XVII 



Ne X  Ne IX  Fe XVII 

~2000 km/s ~ vinf 







Profile shape 
assumes beta 
velocity law and 
onset radius, Ro 

Ro 













Universal 
property of the 
wind 

z different for 
each point 







τ*=1,2,8 

j ~  ρ2  for r/R* > Ro 

  = 0  otherwise 

Ro=1.5 

Ro=3 

Ro=10 



Fe XVII

Fe XVII 



Fe XVII

Fe XVII  τ* = 2.0 

Ro = 1.5  



68, 90, 95% confidence limits 



Note that for β = 1,  
v = 1/3 vinf at 1.5 R*  
v = 1/2 vinf at 2 R* 



Distribution of Ro values in the Chandra spectrum of ζ Pup 

Consistent with a global Ro = 1.5 R* 



68% conf. range for fit 
to these five points 

Vinf from UV (2250 km/s) 





CNO processed


Solar


opacity 



€ 

M
•

= 4πr2vρ

τ* is the key parameter 
describing the 
absorption 



ISM 

wind 



Chandra HETGS 



CNO processed


Solar


appropriate to ζ Pup 

Opacity is bound‐free,  
inner‐shell photoionization 

Major ionization edges 
are labeled 



Fe XVII


Fe XVII  τ* = 2.0 
Ro = 1.5  



observer  
on left 

optical depth 
contours 

τ* = 2 in this wind 

‐0.8vinf 

‐0.6vinf 

‐0.2vinf  +0.2vinf 

+0.6vinf 

+0.8vinf 

τ = 0.3 

τ = 1 

τ = 3 







Results from the 3 line fits shown previously 







τ*(λ) trend consistent with κ(λ) 




CNO processed


Solar


τ*(λ) trend consistent with κ(λ) 




τ*(λ) trend consistent with κ(λ) 


M becomes the free parameter of 
the fit to the τ*(λ) trend 



τ*(λ) trend consistent with κ(λ) 


M becomes the free parameter of 
the fit to the τ*(λ) trend 



Traditional mass‐loss rate:  
8.3 X 10‐6 Msun/yr 
From Hα ignoring clumping 

Our best fit:  
3.5 X 10‐6 Msun/yr 



Fe XVII Traditional mass‐loss rate:  
8.3 X 10‐6 Msun/yr 

Our best fit:  
3.5 X 10‐6 Msun/yr 



Note: this mass‐loss rate diagnostic is a column density 
diagnostic; it is not a density squared diagnostic and so is not 
sensitive to clumping (as long as individual clumps are not 
optically thick).  







Mg XI 
Mg XII 

Si XIII 
Si XIV 

Ne IX 
Ne X  H‐like vs. He‐like 



Mg XI 
Mg XII  H‐like vs. He‐like 



Mg XI 
Mg XII  H‐like vs. He‐like 





See Leutenegger et al. 2010 for 
simple method to incorporate 
these effects into data analysis 



Other stars? 



9 Sgr (O4 V) 



9 Sgr (O4 V): τ* values 

wavelength 

τ* 

M reduction: factor of 6 
2.4 X 10‐6 to 4 X 10‐7 



wavelength 

Ro 

9 Sgr (O4 V): Ro values 

Ro = 1.6 R* 



HD 93129A (O2If*) 
is the 2nd brightest 
X‐ray source in Tr 14 



From H‐alpha, assuming a 
smooth wind 



There is an O3.5 companion with a 
separation of ~100 AU 

But the vast majority of the X‐rays come 
from embedded wind shocks in the O2If* 

primary 



H‐like vs. He‐like 

Mg XII  Mg XI Si XIII Si XIV 





Ro = 1.8 R* 
τ* = 1.4 M‐dot ~ 5 x 10‐6 Msun/yr 



kT = 0.6 keV *wind_abs*ism 
add 5% kT = 2.0 keV*ism 



kT = 0.6 keV *wind_abs*ism 
add 5% kT = 2.0 keV*ism 

Typical of O stars like ζ Pup 

τ*/κ = 0.03 (corresp. ~ 5 x 10‐6 Msun/yr) 

small contribution from 
colliding wind shocks 

consistent with result 
from line profile fitting 





Chandra spectroscopy of β Cru (B 0.5 III) 



HWHM ~ 150 km/s on average 



expectation from  
CAK wind 





At least 1 R* above the photosphere 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CNO processed


Solar




no res. scatt.  with res. scatt. 



What about porosity? 





L 

Note: whether clumps meet this criterion depends both on the clump 
properties and on the atomic process/cross‐section under consideration 





Porous 
wind 

No 
Porosity 













f = 0.05 

f ~ 0.1 is indicated 
by Hα, UV, radio 
free‐free analysis  



f = 0.1 

f = 0.2 

f = 0.05 

And lack of 
evidence for 
porosity… 

leads us to suggest 
visualization in 
upper left is 

closest to reality 



f = 0.1 

f = 0.2 

f = 0.05 

Though 
simulations 
suggest even 
smaller‐scale 
clumping 



Incidentally, you can fit the Chandra line profiles with a 
porous model 

But, the fit isn’t 
as good and it 
requires a 
porosity length 
of 3 R*! 


