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Talk Outline

Context of O star X-ray emission: wind shocks

(focus on effectively single O supergiants)

|. X-ray constraints on the shocked wind plasma
2. X-ray absorption as a mass-loss diagnostic

3. Clumping diagnostics from X-rays + HX
Radiative vs. Adiabatic shocks

Open questions: very dense winds (VVR stars);
low density winds (B stars); magnetic OB stars



O stars are strong sources of soft X-ray emission
thermal emission from hot (T > 10¢ K) plasma

HD 93129A (02 If¥)

X-rays

® 5. >

Tr 14 in Carina; Chandra

optical/IR



HD 93129A (O2 If) is the brightest X-ray source in this cluster

L= | 033 red < | keV, green | - 2 keV, blue > 2 keV

Tr 14 in Carina: Chandra



X-ray luminosity is correlated with bolometric luminosity

Lx ~ 10-7Lyo but with a lot of scatter

T.W. Berghofer et al.: X-ray properties of bright OB-type stars detected in the ROSAT all-sky survey

Fig. 4. X-ray luminosities L, plotted ver-
sus bolometric luminosities Ly, ; solid lines
represent regression lines for L, <
® detections 10%erg s~ ' andLpa > 107ergs™', where-
*ape s | as the dashed line shows Ly = 10~7 X Ly,
grey bars at the left side show typical ranges
for the X-ray luminosity of Algol-type sys-
tems, pre-main sequence stars (PMS), and
our Sun.
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Berghofer et al. 1996




Lx ~ 10-7Lpo but with a lot of scatter

O (red dots) and B (blue dots) stars
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Lx ~ 10-7Lpo but with a lot of scatter

O (red dots) and B (blue dots) stars
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OB star winds are powerful




Hallmark of OB star winds

UV absorption in resonance lines of
metal ions (e.g. C+3)
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Prinja et al. 1992, ApJ, 390, 266

Velocity (km/s)



Ultraviolet spectrum showing wind feature from C*3
C Pup (O4 supergiant): M ~ few 10 Msun/yr

UV spectrum: C IV 1548, I551 A
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X-rays are evidence of power being dissipated in
the stellar wind

kinetic power of the wind = 1/2 Mveo? (~1073 Loo))

The wind kinetic power is typically 10* times
larger than the observed Lx

Some process - which doesn’t have to be very efficient -
converts a small fraction of this kinetic power to heat.

The observed X-rays are the thermal radiation from
this hot stellar wind plasma.



X-rays are evidence of power being dissipated in the stellar wind

Line Deshadowing Instability (LDI), leads to shock-heating of
the wind: T ~ 10%(AVshock/300 km/s)?

L lIIJI | lIl||||| |||||III [ L
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simulation by J. Sundqvist



Less than |7% of the mass of the wind is emitting X-rays
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Less than |7% of the mass of the wind is emitting X-rays
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>99% of the wind is cold and X-ray absorbing
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2-D radiation-hydro simulations
clumps break up to the grid scale
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2-D radiation-hydro simulations

Keep in mind: the bulk of the wind mass is in these dense, cold
(~ Ter) clumps. They are the site of most of the UV wind
absorption observed from metals and also of the hydrogen
recombination that leads to the observed H-alpha emission.

Dessart & Owocki 2003






Thermal properties of the plasma

Heating from shocks combined with cooling -
which may be primarily adiabatic or radiative

HD [206267A:06.5V((f)); v CMa:09II; ¢ Ori:09II
6 Ori\A:09.5II; ¢ Ori A:09.7Ib

/\9‘ Ori C:04-6p

¢ Pup:Ol(n)f

T Sco:B0.2V

g Cru:B0.5III

107 10®
Temperature (K)

Wojdowski & Schulz 2005

X-ray plasma temperature in O
stars is quite low (few million K)

...compared to low-mass stars,
for example, or some magnetic
massive stars



Thermal properties of the plasma

Heating from shocks combined with cooling -
which may be primarily adiabatic or radiative

numerical LDI
simulations are not yet
mature enough to make
strong predictions
about X-ray
temperatures




X-ray emission process
thermal emission from collisional plasma
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X-ray line emission spectroscopy

Provides important information via Doppler-broadened profiles
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Chandra grating spectroscopy (R < 1000)
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cool stars hot stars
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Chandra grating (HET GS/MEG) spectra

C Pup (O4 If)
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emission lines + bremsstrahlung + recombination

C Pup (O4 If)
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Chandra grating (HET GS/MEG) spectra
C Pup (04 If)
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typical temperatures T ~ few 10 K

(late-type stellar coronae tend to be hotter) pup (04 If)
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Zoom in
C Pup (O4 If)
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C Pup (04 If)
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C Pup (04 If)
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cool stars: narrow lines = hot stars: broad lines =
magnetically confined outflowing, shock-heated
coronal plasma wind plasma




lines are C Pup (O4lf)

asymmetric
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The key is X-ray absorption
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Absorption in the cold wind component

due to inner-shell photoionization

waen - shel ]
7\3\4 50 1OV 2&7‘}7\ oW,




Absorption in the cold wind component

due to inner-shell photoionization

Absorption in the cold wind
component

Opacity (cm” g ')
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V= Voo (l-r/R,)B

~10

beta velocity law assumed

star

color
coding:
Doppler
shifted,
emitting
plasma

resulting
emission
line
profile
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LLine Asymmetry

2 representative points in
the wind that emit X-rays

~10 -3 5 10



LLine Asymmetry

2 representative points in

/ the wind that emit X-rays

absorption along the ray

!

-10 -3 5 10



Line Asymmetry

2 representative points in

/ the wind that emit X-rays

absorption along the ray g

W extra absorption for
‘redshifted photons from
. the rear hemisphere

!

10 -5 10



Wind Profile Model

for mass-loss rates ~10- : expect wind
to be modestly optically thick

1

Increasing 7.
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Line profile shapes

key parameters: Ro & Tx

j ~ p? for /R.>R,,

=0 otherwise

Owocki & Cohen 2001




Fit the model to data C Pup: Chandra
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Distribution of R, values for C Pup
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Quantifying the wind optical depth

opacity of the cold wind
component (due to
photoionization of C, N, O, Ne, Fe)

wind mass-loss rate

wind terminal

stellar radius )
velocity



soft X-ray wind opacity

note: absorption arises in the dominant, cool wind component
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C Pup Chandra: three emission lines

Mg Lyo: 8.42 A Ne Lyo: 12.13 A O Lyc: 18.97 A

Recall:
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Fits to |6 lines in the Chandra spectrum of C Puf
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Fits to |6 lines in the Chandra spectrum of C Puf
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Fits to |6 lines in the Chandra spectrum of C Puf
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M becomes the free parameter of
the fit to the T«(A) trend

LS
Wavelength (A)




M becomes the free parameter of
the fit to the T«(A) trend
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1.8 - 3.5 X 10 also from Hervél2,Bouretl2, Najarrol |, Oskinova07

C Pup

] 1 T T T ]' L Ll 1 T

5

\ll‘llll llllllllllllllllllllllll

3

]TIIIIITITIIITTTT TT]TTTTTIIIIITTIIITITTIT

lllllllllllllllll

|| TTTINETT

15
Wavelength (A)




2-D radiation-hydro simulations
clumping
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radiation-hydro simulations
clumping

L. Dessart and S. P. Owocki: 2D simulations of line-driven winds. I1.
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clumping factor ~10 to ~20 (Najarro et al. 201 I)

Model CL1 CL2 CL3
0.03 180. 600.

’1lCl
r/R.

Fig. 18. Radial stratification of the clumping factor, f,, for £ Pup. Black
solid: clumping law derived from our model fits. Red solid: Theoretical
predictions by Runacres & Owocki (2002) from hydrodynamical mod-
els, with self-excited line driven instability. Dashed: Average clumping
factors derived by Puls et al. (2006) assuming an outer wind matching
the theoretical predictions. Magenta solid: run of the velocity field in
units of 100km s™'. See also Sect. 4.




X-ray line profile based mass-loss rate:
implications for clumping

basic definition: fo = <p?>/<p>2

ignoring clumping will
cause you to
clumping factor overestimate the
mass-loss rate



X-ray line profile based mass-loss rate:
implications for clumping

basic definition: fo = <p*>/<p>2
clumping factor

from (column) density
diagnostic like T« from

from density-squared X-ray profiles

diagnostics like HX, IR
& radio free-free



X-ray line profile based mass-loss rate:
implications for clumping

& [ )
. = <M2>/<M>2
clumping factor  fl MH o(/ Mx_ray

fa ~ 20 for T Pup

but see Puls et al. 2006: radial variation of
clumping factor



clumping factor ~10 to ~20 (Najarro et al. 201 I)

Mogel CL1 CL2 CL3 CL4
0.03 180. 600. 0.17

derived fr défé-ﬁ{l-ajarro et al.)

theory

10
r/R_

Fig. 18. Radial stratification of the clumping factor, f, for £ Pup. Black
solid: clumping law derived from our model fits. Red solid: Theoretical
predictions by Runacres & Owocki (2002) from hydrodynamical mod-
els, with self-excited line driven instability. Dashed: Average clumping
factors derived by Puls et al. (2006) assuming an outer wind matching
the theoretical predictions. Magenta solid: run of the velocity field in

units of 100 km s~!. See also Sect. 4.




Latest numerical simulations of the LDI

include limb darkening and photospheric sound-
wave perturbations

and generate more structure near the wind base

1842  J. O. Sundgqvist and S. P. Owocki

v [km/s] log p [g/cm’ v [km/s] log p [g/cm’]

HE W HE e
0 500 1000 1500 2000 -20 -18 -16 -14 -12 0 500 1000 1500 2000 -20 -18 -16 -14 -12
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Flgure 4. Inner wind time evolutions of a simulation without limb darkening and photospheric perturbations (left) and one including both effects (right).
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Chandra grating spectra of HD 93129A
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Strong stellar wind: traditional diagnostics
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HD 93129A Mg XllI Lyman-alpha
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Ro = onset radius of X-ray emission
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HD 93129A T+ from five emission lines
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HD 93129A T+ from Chandra CCD spectrum
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Lower mass-loss rate: consistent with Hx?



Lower mass-loss rate: consistent with Hx?

Yes! With clumping factor of fo = |2
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Extension of X-ray profile mass-loss rate
diagnostic to other stars

lower mass-loss rates than theory predicts
with clumping factors typically of fo ~ 20
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X-ray mass-loss rates: a few times less
than theoretical predictions
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Conclusions

Shocked wind plasma distributed throughout
wind, above R, ~ |.5 R

O supergiant mass-loss rates: a few lower than
theoretical predictions

Consistent with HX, IR/radio if fg ~ |5 - 25

C Oph mass-loss rate 100X lower than theory

Quite a few O + O binaries without obvious
CWB X-ray emission have profiles that differ
from effectively single O stars






