
To be continued…..

1. Neutrals vs Plasmas, Waves, Gravity, Why the 
Solar Wind is Supersonic

2. Solar Wind Origins and Acceleration and Solar 
and Stellar Winds and Magnetic Activity



Gravity, Angular Momentum -> Magnetic Fields
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modified by gravity 
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FLUID THEORIES



When is a plasma a plasma

Saha equation: the ionization of a hydrogen gas is essentially complete at temperatures 
of order 104 K, much less than the temperature corresponding to the ionization potential

Also important is that a plasma reaches 90% conductivity with an ionization degree of 
only 8%.



Collisions in a plasma

Thermal Conductivity





MOMENTS



The generalized Ohm’s law

Let us now carry out a dimensional analysis by dividing all terms in color with the first term (a 
generic field ) The frequency is defined as the inverse of the characteristic time scale and we
define the sound speed



The electron plasma frequency, electron and proton cyclotron frequency and the collsion frequencies also appear. It follows that to 
neglect the terms in color boxes we require, for the inertial term in green:

For the hall term proportional to                

This may also be written differently, taking into account that the Hall term may also be written in terms of the proton
cyclotron frequency and the Alfven

While the electron pressure gradient term may be eliminated when
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𝑇(𝑟) falls slower than Τ1 𝑟 a finite pressure at infinity is required confine 
atmosphere. In a hot plasma atmosphere thermal conduction is 

proportional 𝑘 ∼ 𝑇5/2  and therefore 𝑇(𝑟) ∼ 𝑟−2/7   

How does a hot corona expand?

Parker, 1958
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(Parker, 1958)
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• Mestel, quoted in Roberts and Soward (1972): “were the 

temperature at the base of the solar corona 105 K  

rather than the generally accepted 106 K the total 

pressure far from the sun would suffice to 

suppress the solar wind entirely”

Pism = 1.24 10 -12dyne/cm2 confines a 105 K corona 
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Stationary, spherically symmetric flows, isothermal 
approximation, sound speed c,  = 1 (r = R/Rs)

Introducing the Mach number M = U/c 

Integrate to 
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Plasma Physics of the Solar Wind

I Breezes

II ?

III Supersonic

IV?

       Transonic
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Pressure as a function of distance from the star

Goes to zero for transonic, for breezes varies from:
STATIC

CRITICAL BREEZE (upward + downward 
transonic)

  

  

p = p0 exp((M0

2 - M 2)/2 - gRs /c2 )

  

  

pstat = p0 exp(-gRs /c2 )

  

  

pcrit = p0 exp(M*

2 /2 - gRs /c2)
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Among flows which are subsonic at the atmospheric base the accelerating transonic has 
the special property that density and pressure tend to zero at large distances: because of 
the small but finite values of the pressure of the ambient external medium a terminal 
shock transition connecting to the lower branch of the double valued solutions filling 
region II will in general be present (McCrea 1956, Holzer and Axford 1970)



Shock position is determined by the pressure at infinity via the 
jump conditions.

For given base values of the pressure, the position of the 
shock is uniquely determined by the pressure of the 
interstellar medium, and the distance from the critical point 
to the shock decreases as the pressure increases. 

M - M+ = 1
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As p∞ increases the shock moves in (obvious + algebra is simple).



SO for intermediate pressures at infinity 

there are two solutions: a wind and a breeze. 

Multiple solutions often mean INSTABILITY . Are breezes REALLY STABLE? 

Look for solutions with vanishing pressure perturbations at
R0 and infinity 

    

   

y± = dU/c ±dp/rc2

y± = y± (r)exp(-i(w + ig )t)

M ±1( ) y±’-i(w + ig)y± +
1

2
(y± + y∓)

M’

M
(M ∓1) = 0



For waves in a flowing medium one defines the
conserved WAVE ACTION (not energy: waves do work on flow)

However instabilities may change the wave action (extract 
energy from the flow) so equation looks like this:
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Integrating this equation between 1 and r and imposing the 
boundary condition that the  pressure perturbation vanish (i.e. y+

= y-) both at the solar surface and at great distances, we find

But the asymptotics for breezes is obvious…..



Boundary conditions are satisfied amplitudes tend to zero at great 
distances, and BREEZES ARE UNSTABLE  Growth rate as a function of 
Base Mach Number



Why are breezes UNSTABLE? Wait a minute, let’s look back at the 
asymptotic pressures ……

So pressure at infinity INCREASES with INCREASING BASE MACH 
NUMBER…… 

If you have a static atmosphere and increase pressure at infty, you 
would expect flow to GO IN, NOT OUT – Bondi, 1952





Bondi Diagram

(i)
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As p∞ increases above pcrit What HAPPENS ??? Can’t go to 
BREEZES (p∞ < pcrit and they’re unstable ANYWAY)



Plasma Physics of the Solar Wind

Parker to Bondi

And back. Hysteresis 

cycle (Velli, 1994)

Solves inconsistencies in 

numerical simulations

Galactic fountains

Supergiant and stellar winds



Numerical simulation:  Del Zanna  et al. 1998









Solar Cycle: PSP will be going from minimum through ascending
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Given the corona, do we understand the wind? Not quite…. Fast Wind is 
1) Too FAST 2) Temperature and speed OPPOSITE TO EXPECTED!!!!! 

speed  (km/s)

Tp (105 K)

Te (105 K)

Tion / Tp

O7+/O6+,Mg/O

600–800

2.4

1.0

> mion/mp

low

300–500

0.4

1.3

< mion/mp

high

fast slow



Proton solar wind 

distribution functions

Marsch et al., JGR, 87, 

52, 1982 (Helios data)



To be continued…..

2. Solar Wind Origins and Acceleration and Solar 
and Stellar Winds and Magnetic Activity
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