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O4 Supergiant

ζ Puppis 
Runaway, single star 

Type: O4 If 
Teff =42,400 K 
R ~ 16 R⊙ 

M ~ 20—60 M⊙ 
Lbol ~ 6 × 105 L⊙  

vsini = 230 km/s 
Pphot = 1.78 d 
v∞ = 2200 km/s 
d = 330 pc 

Ṁ ~ 3×10-6 M⊙/yr 
fx ~ 1.5 × 10-11 ergs/cm2/s 
Lx ~ 2 × 1032 ergs/s 
Lx/Lbol~ 10-7

Fe XVII 15.01A 
0.826 keV

HETGS, 68 ks, 
2000-03-28

Generally accepted theory: Winds are driven by UV 
radiation pressure on millions of lines.   Instabilities 
create shocks in the wind, generating soft X-rays from 
a small volume of hot plasma. (Lucy & White 1980)
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Context

~20 pc2
(Marco Lorenzi astrophotography)

Massive stars are rare but influential over their ~4 Myr 
lifetime!                                                 

Key components of cosmic feedback: comparable radiation 
and momentum output to final supernova.

Problem: estimated vs. theoretical mass-loss rates (Ṁ) can 
differ by over an order of magnitude (depending on model 

details).

High resolution X-ray spectra provide an independent 
determination of wind properties (relative to UV/Optical 

diagnostics).

WR 6 (EZ CMa)  WN 4

Orion Nebula
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Velocity              

Wind Line Profile Basics (for a smooth spherical wind)

0.0 +v∞-v∞

Stellar wind spectrum:  X-ray line centroid is blueward 
of the rest position, lines are broad and asymmetric. 
Overall spectrum is relatively cool.

X-ray line formation is simple: no radiative 
transfer!  Coronal ionization equilibrium (“CIE”; 
collisional excitation from ground state, followed by radiative decay.  
Only continuum opacity in the wind).
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X-ray spectral line fitting:

R�
R0

� = ��

Assume velocity law;
Assume opacity;
Fit v∞,  R0, τ∗;
⇒ mass loss rate

�� =
��Ṁ

4�R2
�v�

UV/Optical spectral line fitting:
Model atmospheres, radiative transfer, in moving frame.
(CMFGEN: Hillier et al; PoWR: Hamann et al.)

(Puls et al 2008)

(for a smooth wind) v��v�

(Owocki & Cohen 2001)
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But … 
Winds are not uniform.  

δfx ~ 10%

BRITE optical

XMM

DAC:  Discrete Absorption Component 

CIR:  Co-rotating Interaction Region

Model

Observed UVHours

ζ Pup is variable.

P ~ 1.8 d

(1994)
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ζ Puppis, Chandra/HETG, 68 ks, 2000-03-28 

Ne X  H-Lyα-like  
12.135Å, 1.022 keV 

1300 counts
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Observed

Simulated 
(and constant)

ζ Puppis, Chandra/HETG, dynamic profiles.

Ne X + Fe XVII Fe XVII Ne X
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One model of structure; red represents holes in the 
wind — lack of X-ray absorption.

Modeling in progress … 

counts residuals
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Future Work
Lynx (or Arcus) could easily obtain time-dependent profiles. 
(Resolving power >1500,  bandpass 0.3 — 6 keV to cover H- 
and He-like ions from C to Fe).

But in the mean time… Chandra/Cycle 19 review approved an  
840 ks HETG observation of ζ Pup.

(Oskinova et al 2006)simulated data, 840 kscurrent data

Mean profiles can distinguish clumpy from smooth models. 

Team of observers & theorists:  
Wayne Waldron (PI)  Eureka Sci. 
Matthew Dahmer             SAO 
Ken Gayley                   U. Iowa 
Wolf-Rainer Hamann     U. Potsdam 
David Huenemoerder     MIT 
Richard Ignace                 ETSU 
Jen Lauer                         SAO 
Nathan Miller                   U. Wisc-EC 
Anthony Moffat                U. Montreal 
Yael Naze                         U. Liege  
Joy Nichols                       SAO 
Lida Oskinova                  U. Potsdam  
Noel Richardson              U. Toledo 
Tahina Ramiaramanantsoa  U. Montreal 
Tomer Shenar                   U. Potsdam

We expect to obtain some 
long X-ray (~P) observations, 
with coordinated optical 
spectra (He II 4686) and 
photometry (BRITE).
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EXTRA Stuff
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model has no Fe, no Na

model has no Na

f
r

i

best fit,   7× A(Na)

WR 6 (EZ CMa);  WN 4,   HETG 450 ks 

Another example of importance of high-resolution: 
WR-star (WR 6), line profiles, abundances, 

nucleosynthesis

Profiles imply thick, uniformly expanding spherical 
wind



12

ζ Pup does have high temperature 
plasma (~20 MK, ~1.7 keV). 

Need high-res and high sensitivity to 
model better (and look for variability).
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XMM/RGS Dynamic Line Spectra of ζ Puppis 
Σ all Σ He Σ H Σ Fe XVII Σ long λ Σ short λ

observed

simulated

1.5 Trends, features in data, as compared to constant model

There is one obvious feature in the observed statistics image: higher residuals at early times (“phase”< 0.5) compared to later times. There
is also a “stripe” of high in residuals near phase 0.75 which may be significant.

In Figure 11 is a comparison of the counts vs time (summed in velocity), the corresponding response vs time, and the statistic for observed
and faked data. It is clear that there is a trend in observed counts which is stronger than the trend in (declining) response (RGS detectors
have a buildup of contaminant). This trend is also seen in the statistic (lower panel). Even accounting for the linear trend, the fluctuations
in the statistic seem larger for the observation than for the simulation, and the bump at phase = 0.75 is clear.
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Figure 11: Trend vs time for the sum of all lines modeled, summed over velocity. Top: black: the counts vs time summed over the line; red:
model counts for constant line flux. Bumps near 0.25 and 0.40 are from strong background. The dominant trend is from the response, but the
observed counts (black) decreases faster than the simulations. Bottom: the Cash statistics for observation (black) and simulation of constant
flux (red) averaged over velocity. The small bump at 0.8 is not due to background and may be a real enhancement in line flux.
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