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Earth’s Magnetosphere
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Solar Corona in EUV & X-rays 
Composite EUV image from EIT/SOHO
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Solar Corona in EUV & X-rays 
Composite EUV image from EIT/SOHO X-ray Corona from SOHO
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Corona during Solar Eclipse 
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Solar Activity: Coronal Mass Ejections
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Hot, Luminous, Massive Stars

• Strong, radiatively driven stellar wind
– Mdot ~ 10-9-10-5 MO/yr; V∞ > 1000 km/s >> Vsound 
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Hot, Luminous, Massive Stars

• Some have observed dipole field ~103-104 G
– stable; not from convective dynamo; fossil?

•  Fast rotation with Vrot  ~ 250 km/s ~ Vcrit/2

– Prot ~ few days

• Strong, radiatively driven stellar wind
– Mdot ~ 10-9-10-5 MO/yr; V∞ > 1000 km/s >> Vsound 
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Questions

7
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Questions
• How does a strong magnetic field affect radiatively 

driven wind outflow?
– wind channeling
– magnetically confined wind shocks
– wind-fed rotational magnetospheres

7
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Questions
• How does a strong magnetic field affect radiatively 

driven wind outflow?
– wind channeling
– magnetically confined wind shocks
– wind-fed rotational magnetospheres

• How does angular momentum loss & spindown 
scale with B*, Mdot, n-pole order, etc.?
– can we explain slow rotators w/ magnetic spindown?
– what are implications for stellar evolution
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Wind Magnetic Confinement

� 

η(r) ≡ B
2 /8π

ρv 2 /2

Ratio of magnetic to kinetic energy density:
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Wind Magnetic Confinement
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Wind Magnetic Confinement
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2 /8π

ρv 2 /2

Ratio of magnetic to kinetic energy density:

for n-pole         
B(r) ~ 1/rn+1 

=
B*
2R*

2

M
•
v∞

(r / R*)
−2n

(1− R* / r)
β

η*

For β=0:   RA = η*
1/2n R*

e.g., for dipole, n=2:   RA = η*1/4 R*

so Alfven Radius, where v=VA, has η( RA) ≡ 1η =
VA
2

v2
Note also
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Magnetic confinement vs.
 Wind  +  Rotation

RA = η*
1/2nR*

Alfven radius for n-pole

RK =W −2 /3R*

Kepler radius

W ≡
Vrot

GM / R*

Rotation vs. critical

η∗ ≡
B*
2R*

2

M
.
V∞

Wind mag. confinement

= η*
1/4R* for n=2 dipole
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MiMeS
Magnetism in Massive Stars

http://www.physics.queensu.ca/~wade/mimes/
MiMeS__Magnetism_in_Massive_Stars.html

P.I.:  Gregg A. Wade, Royal Military College
50+ Co-Is,  2008-2012, CFHT Allocation: 640 hours
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Magnetically Confined Wind-Shocks
Babel & Montmerle 1997

Magnetic Ap-Bp stars
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Rigid Field - Hydro Model
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Rigid Field - Hydro Model
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MHD Simulation of Wind Channeling

Confinement
 parameter

A. ud Doula 
PhD thesis 2002

Isothermal
No Rotation

η*=1/3
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MHD Simulation of Wind Channeling

Confinement
 parameter

A. ud Doula 
PhD thesis 2002

Isothermal
No Rotation

η*=1/3
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MHD Simulation of Wind Channeling

Confinement
 parameter

Isothermal
No Rotation

� 

η* =1η*=1
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MHD Simulation of Wind Channeling

Confinement
 parameter

Isothermal
No Rotation

� 

η* =1η*=1
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MHD Simulation of Wind Channeling

Confinement
 parameter

Isothermal
No Rotation

η*= 3
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MHD Simulation of Wind Channeling
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 parameter

Isothermal
No Rotation
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MHD Simulation of Wind Channeling

Confinement
 parameter

Isothermal
No Rotation
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MHD Simulation of Wind Channeling
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Field-aligned rotation

η*=100
RA=3.2R*

W=1/2
RK=1.6 R*

RK RA
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Field-aligned rotation

η*=100
RA=3.2R*

W=1/2
RK=1.6 R*

RK RA
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Strong Field + Rapid rotation
η*=100         W=1/2

RK RA
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Strong Field + Rapid rotation
η*=100         W=1/2

RK RA
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Radial Mass Distribution

dme(r,t)
dr

≡ 2πr2 ρ(r,θ,t)
π /2−Δθ /2

π /2+Δθ /2

∫ sinθ dθ
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Time evolution of Radial distribution of equatorial disk mass

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

Stronger Magnetic Confinement  --->
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Strongest MHD sim

23

η*=1000
W=1/2

RK RA
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Magnetic Bp Stars 
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Magnetic Bp Stars 
•  σ Ori E  (B2p V)

–   Prot = 1.2 days  => vrot/vcrit ~ 1/2

–   Bobs ~ 104 G   => η* ~ 107 !  
– => VAlfven

  very large => Courant time very small
– => Direct MHD impractical
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Magnetic Bp Stars 
•  σ Ori E  (B2p V)

–   Prot = 1.2 days  => vrot/vcrit ~ 1/2

–   Bobs ~ 104 G   => η* ~ 107 !  
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  very large => Courant time very small
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Magnetic Bp Stars 
•  σ Ori E  (B2p V)

–   Prot = 1.2 days  => vrot/vcrit ~ 1/2

–   Bobs ~ 104 G   => η* ~ 107 !  
– => VAlfven

  very large => Courant time very small
– => Direct MHD impractical

• Instead treat fields lines as Rigid guides
–  Torque up wind outflow 

–  Hold down disk material vs. centrifugal force
Wednesday, January 12, 2011



Effective Gravitational+Centrifugal Potential
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Effective Gravitational+Centrifugal Potential
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Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)
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Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)
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Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)
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Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)
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Accumulation 
Surfaces

β=30o β=60o β=90o

observed from i=60o
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RRM model 
for σ Ori E

δδδ

B*~104 G

tilt ~ 55o

η*~106 !
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RRM model 
for σ Ori E

δδδ

B*~104 G

tilt ~ 55o

η*~106 !
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EM +B-field

δδδ
δδδ

polarimetryΗα

photometryRRM model 
for σ Ori E

δδδ

B*~104 G

tilt ~ 55o

=> η*~106 !
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EM +B-field

δδδ
δδδ

polarimetryΗα

photometryRRM model 
for σ Ori E

δδδ

B*~104 G

tilt ~ 55o

=> η*~106 !
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σ Ori E
RRM Model
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σ Ori E
RRM Model Hα Observations
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Angular Momentum Loss &  Spindown

31J
•
= 2

3M
•
ΩRA

2
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Weber & Davis 1967

32

j = Vφr −
BφBrr
ρVr

Total equatorial Ang. mom/mass 
gas field

Spindown for n=1 monopole field
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Weber & Davis 1967
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Weber & Davis 1967

32

j = Vφr −
BφBrr
ρVr
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2At r= RA, 

MA=1 implies
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Spindown for n=1 monopole field
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Spindown
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For dipole:

contribution from both matter & field
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Time variation of  total
Angular Momentum Loss

35

Gas Field Total
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Angular Momentum Loss vs.
latitude & time

36
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Magnetic confinement parameter =>
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Dipole spindown times
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Spindown age

40

P = Poe
t /τ spin Po ≈ f Pc
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Spindown age

40

P = Poe
t /τ spin Po ≈ f Pc

Pc = 0.21 d R R
M ⇒ Po ~ day
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Spindown age

40

P = Poe
t /τ spin Po ≈ f Pc

τ age = 2.3 (LogPday − LogPo,day ) τ spin

Pc = 0.21 d R R
M ⇒ Po ~ day
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Spindown age

40

P = Poe
t /τ spin Po ≈ f Pc

τ age = 2.3 (LogPday − LogPo,day ) τ spin

Pc = 0.21 d R R
M ⇒ Po ~ day

e.g. HD191612, with Po = 0.5 to 1 day => now P=630 day:

τ age ≈ 6.3→ 6.9 τ spin ≈ 2.5→ 2.9 Myr
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Extrapolated spindown law 
for higher order multipoles?

42

τ spin
τmass

=
3
2 k
η*
1/n

τ spin
τmass

= 3
2 k η*

−1/( p−1)

n=1  monopole
  =2   dipole
  =3   quadrapole
... etc.
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Extrapolated spindown law 
for higher order multipoles?

42

τ spin
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3
2 k
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1/n

τ spin
τmass

= 3
2 k η*

−1/( p−1)

n=1  monopole
  =2   dipole
  =3   quadrapole
... etc.

=> Spindown weaker for more complex fields?

If so, hard to explain tau Sco by spindown??
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Extrapolated spindown law 
for higher order multipoles?

42

τ spin
τmass

=
3
2 k
η*
1/n

τ spin
τmass

= 3
2 k η*

−1/( p−1)

n=1  monopole
  =2   dipole
  =3   quadrapole
... etc.

=> Spindown weaker for more complex fields?

If so, hard to explain tau Sco by spindown??

Need 3D MHD sims to test this!
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Summary
• Wind feeding of magnetosphere

– balanced by inner & outer “leakage”?
– observations should estimate Mtot

– breakout analysis predicts Mtot indep of Mdot!

• Wind Magnetic Spindown
– tspin ~ tmass/Sqrt[eta*]  for aligned dipole
– complex field => slower spindown?
– need 3D sims to confirm! 

44
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Earth’s Magnetosphere



Solar Corona in EUV & X-rays 
Composite EUV image from EIT/SOHO X-ray Corona from SOHO



Corona during Solar Eclipse 

Source: http://www.hao.ucar.edu/



Solar Activity: Coronal Mass Ejections

QuickTime™ and a
MPEG-4 Video decompressor

are needed to see this picture.



Hot, Luminous, Massive Stars

• Some have observed dipole field ~103-104 G
– stable; not from convective dynamo; fossil?

• Fast rotation with Vrot ~ 250 km/s ~ Vcrit/2
– Prot ~ few days

• Strong, radiatively driven stellar wind
– Mdot ~ 10-9-10-5 MO/yr; V� > 1000 km/s >> Vsound



7

Questions
• How does a strong magnetic field affect 

radiatively driven wind outflow?
– wind channeling
– magnetically confined wind shocks
– wind-fed rotational magnetospheres

• How does angular momentum loss & spindown 
scale with B*, Mdot, n-pole order, etc.?
– can we explain slow rotators w/ magnetic spindown?
– what are implications for stellar evolution



Wind Magnetic Confinement

(r)  B 2 /8
v 2 /2

Ratio of magnetic to kinetic energy density:

for n-pole         
B(r) ~ 1/rn+1


B*

2 R*
2

M


v

(r / R* )2 n

(1  R* / r)

 *

For =0:   RA =  *
1/2n R*

e.g., for dipole, n=2:   RA =  *
1/4 R*

so Alfven Radius, where v=VA, has  ( RA)  1 
VA

2

v2
Note also



Magnetic confinement vs.
Wind  +  Rotation

RA  *
1/2nR* RK W 2/3R*

Kepler radius

W 
Vrot

GM / R*

Rotation vs. critical

 
B*

2R*
2

M
.

V

Wind mag. confinement
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1/4R*



MiMeS
Magnetism in Massive Stars

http://www.physics.queensu.ca/~wade/mimes/MiMeS__Magnetism_
Massive_Stars.html

P.I.:  Gregg A. Wade, Royal Military College
50+ Co-Is,  2008-2012, CFHT Allocation: 640 hours
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Magnetically Confined Wind-Shocks
Babel & Montmerle 1997

Magnetic Ap-Bp stars



Rigid Field - Hydro Model

QuickTime™ and a
 decompressor

are needed to see this picture.



MHD Simulation of Wind Channeling

Confinement
parameter

A. ud Doula 
PhD thesis 2002

Isothermal
No Rotation

QuickTime™ and a
BMP decompressor

are needed to see this picture.

 *=1/3



MHD Simulation of Wind Channeling

QuickTime™ and a
BMP decompressor

are needed to see this picture.

Confinement
parameter

Isothermal
No Rotation

* 1 *=1



MHD Simulation of Wind Channeling

QuickTime™ and a
BMP decompressor

are needed to see this picture.

Confinement
parameter

Isothermal
No Rotation

 *= 3



MHD Simulation of Wind Channeling

QuickTime™ and a
BMP decompressor

are needed to see this picture.

Confinement
parameter

Isothermal
No Rotation

* 10

RA~  *
1/4 R*

 *=10



Field-aligned rotation

 *=100
RA=3.2R*

W=1/2
RK=1.6 R* QuickTime™ and a

BMP decompressor
are needed to see this picture.

RK RA



Strong Field + Rapid rotation
 *=100         W=1/2

QuickTime™ and a
BMP decompressor

are needed to see this picture.

RK RA



Radial Mass Distribution

dme(r, t)
dr

 2r2 (r,, t)
 /2 /2

 /2 /2

 sin d

Ud-Doula et al. 2008, MNRAS, 385, 97



Time evolution of Radial distribution of equatorial disk mass

 * = 100    &  Vrot/Vcrit =1/2
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Ud-Doula et al. 2008, MNRAS, 385, 97



Temporal evolution of radial distribution 
of equatorial disk mass

Stronger Magnetic Confinement  --->
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Ud-Doula et al. 2008, MNRAS, 385, 97
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QuickTime™ and a
BMP decompressor

are needed to see this picture.

Strongest MHD sim

 *=1000
W=1/2

RK RA



Magnetic Bp Stars 

• Ori E (B2p V)
– Prot = 1.2 days  => vrot/vcrit ~ 1/2
– Bobs ~ 104 G   =>  * ~ 107 !  
– => VAlfven very large => Courant time very small
– => Direct MHD impractical

• Instead treat fields lines as Rigid guides
– Torque up wind outflow 

– Hold down disk material vs. centrifugal force



Effective Gravitational+Centrifugal Potential

Townsend & Owocki 2005, MNRAS, 357, 251



Rigidly Rotating Magnetosphere

Townsend & Owocki (2005)



Accumulation 
Surfaces

=30o =60o =90o

observed from i=60o
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Townsend & Owocki 2005, MNRAS, 357, 251



RRM model 
for Ori E



B*~104 G

tilt ~ 55o

 *~106 !
QuickTime™ and a

 decompressor
are needed to see this picture.



EM +B-
field




polarimetry

photometryRRM model 
for Ori E



B*~104 G

tilt ~ 55o

 *~106 !
QuickTime™ and a

 decompressor
are needed to see this picture.



Ori E
RRM Model H Observations

Townsend et al. 2005, ApJ, 630, 81
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Angular Momentum Loss &  Spindown
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Weber & Davis 1967

j  Vr 
BBrr
Vr

j  RA
2At r= RA, 

MA=1 implies

Total equatorial Ang. mom/mass
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jM A

2  r2

M A
2 1

=>

B

Br


r V

Vr

&

Frozen flux
gas field

Spindown for n=1 monopole field
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Spindown

J
g


2
3

M
g
RA

2



 spin 
J

J
g 

3
2 I

MR2

M

M
g

1
*

1/n  mass

3
2 k
*

1/n

 spin

mass


0.15
*
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Time variation of  total
Angular Momentum Loss

Gas Field Total

Ud-Doula et al. 2009, MNRAS, 392, 1022
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Angular Momentum Loss vs.
latitude & time
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Ud-Doula et al. 2009, MNRAS, 392, 1022
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Magnetic confinement parameter =>

Ud-Doula et al. 2009, MNRAS, 392, 1022
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Dipole spindown times

 spin  mass
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Ud-Doula et al. 2009, MNRAS, 392, 1022
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Spindown age

P  Poe
t / spin Po  f Pc

 age  2.3 (LogPday  LogPo,day )  spin

Pc  0.21 d R R
M  Po ~ day

e.g. HD191612, with Po = 0.5 to 1 day => now P=630 day:

 age  6.3 6.9  spin  2.5  2.9 Myr





42

Extrapolated spindown law 
for higher order multipoles?

 spin

mass


3
2 k
*

1/n

 spin

mass

 3
2 k *

1/( p1)

n=1  monopole
=2   dipole
=3   quadrapole

... etc.

=> Spindown weaker for more complex fields?

If so, hard to explain tau Sco by spindown??

Need 3D MHD sims to test this!



QuickTime™ and a
 decompressor

are needed to see this picture.
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Summary
• Wind feeding of magnetosphere

– balanced by inner & outer “leakage”?
– observations should estimate Mtot

– breakout analysis predicts Mtot indep of Mdot!

• Wind Magnetic Spindown
– tspin ~ tmass/Sqrt[eta*]  for aligned dipole
– complex field => slower spindown?
– need 3D sims to confirm! 
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