
Strong Winds of 
Magnetic Massive 
Stars

Asif ud-Doula
Penn State Scranton



Introduction

• Line-driven winds

• Magnetism in stars

• Numerical simulations/models

• Results, implications
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Mass Loss from Stars

• Stars like the sun lose very little mass ~10-14 MSun/yr

• Solar wind is driven by gas pressure gradient

• Hot/massive stars (O and B type) lose 10-9~10-5 MSun/yr

• Hot star winds are driven by scattering of radiation by 
resonance lines of heavy ions.

Sound speed; thermal pressure has little significance.



•  Light has momentum, p=E/c

•  Usually neglected, because c is so high

•  But becomes significant for very bright stars

• Key question: how big is this force vs. gravity?

Light’s Momentum



Light As a Driving Mechanism

• Free Electron (continuum) Scattering

• Bound Electron (line) Scattering

• Can be much stronger than free electron scattering



Optically Thick Line-Absorption 

in an Accelerating Stellar Wind 
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Light As a Driving Mechanism



Line Force From an Ensemble of Lines in 
CAK theory

If we take into account all available thick and thin 
lines, the line force is:

Free e- scattering



Steady & spherically

symmetric

Observational evidence: 

unsteady, spherically non-symmetric. 

1D CAK Model of ZPup

well characterized by 



Discrete Absorption Features

HD 64760 (B Star)



Magnetic Effects on Solar Coronal 
Expansion

1991 Solar Eclipse
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About 10% of massive stars are magnetic. 



How do we model these
magnetic winds?



Wind confinement in magnetic B-
stars

Shore & Brown 1990



Wind confinement in magnetic B-
stars



Magnetically Confined Wind-
Shocks

Babel & Montmerle 1997

Magnetic Ap-Bp stars



magnetic energy density  

kinetic energy density  

B* ~ 300 G for ζ Pupbut for O-stars, to get  η *~ 1, need:

for solar wind, η *~ 40 
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For a dipole n=2

For hot stars,   
β~1 
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Computing Alfven Radius



For Moderate Confinement Cases: 
MHD



93 G ; η* = 0.1

Zeus Code



520 G ; η* = 3.2



2950 G ; η* = 100



Magnetic confinement vs.
 Wind  +  Rotation

Alfven radius Kepler radius

Rotation vs. criticalWind mag. confinement



Kepler radius

2D MHD, η★=100, Vrot/Vcrit=0.5

ud Doula+. 2008
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Radial Mass Distribution



η* = 100    &  Vrot/Vcrit =1/2
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Time evolution of Radial distribution of equatorial disk 
mass



Two Parameter Study
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Radial Distribution of equatorial disk 
mass
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What are the implications?



Angular Momentum Loss



Spindown

contribution from both field and gas

For Dipole



Spindown Time

ud-Doula et al. 2009



Rotational Braking of σ Ori E 

Townsend et al. 2010

Predicted

τspin=1.40 Myr

Measured

τspin=1.34 Myr





Non-isothermal 2D models: X-
ray

ud-Doula et al. 2014



X-ray Emission Measure

ud-Doula et al. 2014



X-ray from magnetic stars

ud-Doula et al. 2014



Observed X-ray

Nazé et al. 2014



For Strong Confinement Cases 

(η∗>>1 ➔ ∞) : RRM, RFHD, ARFHD



Effective Gravitational+Centrifugal 
Potential



Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)
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polarimetryΗα

photometry

RRM model 
for σ Ori E

B*~104 G

tilt ~ 55 deg

η*~106 !



σ Ori E
RRM Model Hα Observations



ARBITRARY-FIELD RRM (ARRM)

Oksala et al. 2016



IMPROVED RRM (ARRM)
Oksala et al. 2016



Rigid Field - Hydro Model
Townsend, Owocki and ud-Doula (2007)



Lorem Ipsum Dolor



Ultimately need 3D MHD



Iso-contour colored with radial V





ud-Doula et al. 2013



Oblique Dipole Challenging



𝛽 = 45𝑜, log(𝜂∗) = 3.0, W=0.7

log(density)



v_radial

𝛽 = 45𝑜, log(𝜂∗) = 3.0, W=0.7



𝛽 = 45𝑜 , LOG(𝜂∗) =
3.0, W=0.5
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COMPARISON WITH 
RRM



Halpha Line Profile

SYNTHESIZING
HALPHA

Dynamical Spectrum



H


RRM Full MHDRigid MHD

inclination 45deg



PHOTOMETRIC 
VARIATION



Conclusion

❖ 2D MHD of MCWS

❖ slow rotating magnetic stars

❖ can predict X-rays from magnetic stars

❖Comparison with observations

❖Chandra & XMM

❖Optical photometry, spectroscopy, polarimetry

❖ 3D MHD of MCWS

❖ 3D MHD for single stars can be done even for tilted dipole.

❖Basic disk topology is different from the one predicted by RRM model. In 
addition, there is significantly more variability in MHD models.

❖RRM assumes full rigid rotation; MHD suggests moderate breakdown due 
to rotational effects
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