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Winds of Massive Stars
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Why do Massive Stars have Winds?

- The Eddington limit:
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- Using line opacity:
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CAK Wind Theory

- Optical depth in an expanding wind:
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- For a power-law line distribution:
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- Mass-loss rate and terminal velocity are eigenvalues:
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The Devil is in the Details

Finite Disk
Opacities - lonization - NLTE
Instabilities - Rotation




Wind Structure

- Line driving is unstable - Basal perturbations
- Spontaneous structure - Imprinted structure
- Small scales (clumping) - Large scales (CIR, DAC, PAM)
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What Perturbs the Wind?

Pulsation? Magnetic Fields?
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Magnetic Fields
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Evidence for Circumstellar Structure

around Magnetic Massive Stars
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Target 2 (HD37479/sigma Ori E) — magnetosphar
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Empirical Models

¢_..an oblique rotator model

that has hot gas trapped in
a magnetosphere above the = ‘e,

magnetic equator”

Landstreet & Borra (1978)
Shore & Brown (1990)




Rigid Field Models

- Circumstellar material
moves along rigid field lines

0.38373
0.30665
0.09574

0.0

- Gravity & centrifugal force
represented by effective
potential ®e(s)

0.35451 /%

- Hydrostatic egm. gives
relative distribution of
material:
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Michel & Sturrock (1974)
(also, Havnes & Goertz 1984, Nakajima 1985)

p(s) = poe




Massive-Star Magnetospheres

Magnétospéres des Etoiles
Massives




The Unusual X-rays of 8! Ori C

- Emission peak > 1keV
- Av ~ 200 km/s

- T~ 20-30 MK

*Rx ~ 2 R,

Getman et al. (2005)
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Magnetically Confined Wind Shocks

- Wind streams from
opposing footpoints
collide

- Shocks propagate back
down field lines

- Equilibrium reached
when pre/postshock
pressures in balance

- Three regions:
- wind upflow (cool, fast)
- postshock (hot, slow)
- disk (cool, stationary)
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postshock region

emitting X-rays

. ». disk formation
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Babel & Montmerle (1997)
(also Usov & Melrose 1992)




Quantifying the Wind-Field Interaction

- Local ratio between magnetic and kinetic energy:
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- Dipole field & B-law wind: 0! Ori C 16 o)
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- Wind regimes bounded by Rair= n«'/* R«
- Field dominated — R, < r < Ray¢

- Wind dominated —r > Rajs ud-Doula & Owocki (2002)
Owocki & ud-Doula (2004)




Exploring n« with MHD Simulations*

nv':=0.-| n*='|00
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*ZEUS-2D; CAK line force; isothermal; no Asif ud-Doula
rotation




MHD Simulation® of 8' Ori C

T
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*ZEUS-2D; CAK line force; non-isothermal A,Sif ud-Doula
optically thin cooling; no rotation (see also Gagne et al 2005)




Return to Rigid Field Models

- In the limit n«>1, field completely dominates wind

- Field lines behave as rigid pipes guiding the wind flow

- Resurrect rigid field models:

p(s) — Po e—<I>e(s) pmu /KT

 BUT: we can now fix the normalizing density po from the
surface mass flux scalings found in MHD models




Rigidly Rotating Magnetosphere Models

Townsend & Owocki (2005)




RRM Model of o Ori E

Light Curve
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Models vs. Observations
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Beyond RRM: Rigid Field Hydrodynamics
Simulation* of o Ori E

*VH-1; rigid field; CAK line force; rotation; Townsend, Owocki & ud-Doula (2007)
optically thin cooling; inverse Compton Hill et al. (Poster S2-11)
cooling; thermal conduction;




Multi-wavelength Diagnostics from RF-HD

Stokes | (direct)

[ Polarization




Recent Developments: MHD Simulations™

with Rotation

Veq = 0 km/s

8

5 10

Veq —_ 125 km/S

0 ksec

field-aligned rotation

5 10

0 ksec

*ZEUS-2D; CAK line force; isothermal;

Asif ud-Doula
(see also ud-Doula, Owocki & Townsend 2008)




Recent Developments: Angular Momentum

Loss
- MHD simulations w0 /
reproduce Weber & Davies | 7
(1967) result: | // |
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- Spin-down time: o Ori E | 0° | .4
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ud-Doula, Owocki & Townsend (2009)




LCs’ maxima phase

Recent Developments: Direct

Measurements of Magnetic Braking

HD 37776 (tspin ~ 200 kyr)
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Key Concepts to Take Away...

BZR?
X X :
7’}* — ; Magnetic confinement parameter

M v
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tspin A kn / mass — Spindown time




