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

T ~ 106 K 

pre‐shock wind plasma has low density 



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 





Ne X  Ne IX  Fe XVII 



Ne X  Ne IX  Fe XVII 

~2000 km/s ~ vinf 



Shock heated wind plasma is 
moving at >1000 km/s :  

broad X‐ray emission lines 



99% of the wind mass is cold*, 
partially ionized… 
x‐ray absorbing 

*typically 20,000 – 30,000 K; maybe better described as “warm” 

opacity 



x‐ray absorption is due to bound‐
free opacity of metals 

…and it takes place in the 99% of the wind that is 
unshocked 

opacity 





observer  
on left 

isovelocity contours 

‐0.8vinf 

‐0.6vinf 

‐0.2vinf  +0.2vinf 

+0.6vinf 

+0.8vinf 

Onset radius of X‐
ray emission, Ro 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optical depth 
contours 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Profile shape 
assumes beta 
velocity law and 
onset radius, Ro 













Universal 
property of the 
wind 

z different for 
each point 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τ*=1,2,8 

j ~  ρ2  for r/R* > Ro 

  = 0  otherwise 

Ro=1.5 

Ro=3 

Ro=10 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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* and 
1/2 vinf at 2 R* 



Distribution of Ro values in the Chandra spectrum of ζ Pup 





CNO processed

Solar

opacity 





Ne X  Ne IX  Fe XVII 

~2000 km/s ~ vinf 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τ* is the key parameter 
describing the 
absorption 



observer  
on left 

optical depth 
contours 

τ* = 2 in this wind 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Solar
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Fe XVII
Fe XVII  τ* = 2.0 

Ro = 1.5  



68, 90, 95% confidence limits 





atomic opacity of the wind 

CNO processed 

Solar 



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

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 





Ro = 1.6 R* 
τ* = 0.3 



Ro = 1.6 R* 
τ* = 0.3 



Ro = 1.5 R* 
τ* = 0.6 



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 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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 


