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Eclipse / solar maximum

Thompson scattering of sunlight by free electrons



3

Early hydrostatic models of the solar corona

• Isothermal models

Alfvén (1941)  Edlèn (1942)

Spitzer (1947)

van de Hulst (1950, 1953)

…

• Conductive models

Chapman (1957)

De Jager (1959)
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d (ni k Ti) /d r  =  - ni mi g + Zi ni e E      (: g > 0)

Ti = Tp = Te  = T  = Cst  (isothermal equilibrium)

k T d ni / d r   =  - ni mi g + Zi ni e E

        i Zi […   =   ... ]

     i Zi ni  =  np – ne = 0    (quasi-neutrality)

e E =  - ( i Zi ni mi g) /( i Zi
2

 ni)  = -  (mp – me) g    -  mp g

Pannekoek (1922) -Rosseland (1924)

This E-field is induced by gravitational force inside

any plasma when it is in isothermal hydrostatic equilibrium
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  e EPR = -  (mp – me) g   -  mp g

E = -  EPR d r     (mp /e)  g(r) d r = -  (mp /e)

g

E = - 150 Volts  between   r = 1.5 RS and r = 

When temperatures are increasing with altitude (e.g. in DL),

or when the plasma is expanding away from Sun,

the polarization E-field is larger than EPR …

e EPR =  - pe / e ne

     EPR . B    0
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Multi-fluid approximation for hydrostatic equilibrium

   d pi / d r   =  - ni mi g + Zi ni e E

       i  […   =   ... ]

p = i  pi

 = i mi ni = <m> ne      ;   <m> = i mi ni / i ni   mp / 2

i Zi ni  =  np – ne  0    (quasi-neutrality)

 d p / d r   =  -  g + 0      (: g > 0)

In this one fluid version of hydrostatic equation,

the (embarassing) E-field term has been veiled:

it has been hidden within the total pressure gradient!!!
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The concept of pressure scale height

H = - d r / d ln p = p /  g  =  k T / <m> g

Hp = 260 km  (photosphere)   (T = 4400 K)

Hp = 150 000 km (solar corona)    (T = 1.4 MK)

H =  8 km (Earth troposphere)

When dT /dr  0  density scale height is not the same as pressure scale height :

               He = - d r / d ln ne = Hions = - d r / d ln nions =  2 Hneutral atm
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Radial distributions of coronal electron densities

from eclipses observations
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Is the corona really isothermal? (Chapman, 1957)

Conductive heat transport in solar corona

q = - o T
5/2  d T / d r   (conductive heat flow ; Fourier law)

4  r2
 q(r) = Cst  (conservation of energy flux)

R2 T5/2 d T / d R = Cst

T(R) = To [  +  (1 – ) Ro /R ]2/7

R = Ro  T = To

R = T = To 
2/7  = T    0;
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Chapman’s conductive model (1957)

 T  = 0 ;    = 0

T(R) = To [ Ro /R ]2/7

d (ne k T) = - o / R
2 d R  (hydrostatic equilibrium )

ne(R) = no,e R
2/7 exp [- 7 o (1 - 1 / R5/7) / 5]

o =  ro / Ho
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d (ne k Te) /d r  =  - ne me g - ne e E  (hydrostatic equilibrium of electron gas)

Tp = Te = T  = Cst    (isothermal)

e EPR = -  (mp – me) g

g = G MS / r2  = go / R
2   ;              R = r / Ro

o = G MS <m> / ro k T = o,e = o,p

d ln ne /d R = - [(mp + me) g / k T] RS  =  - o / R
2

ne (R) = ne (Ro) exp [ o (1 /R - 1 /Ro)] = np(R)

Ro = 1.5 ;    T = 1.4 MK ;       <m> = mp / 2;       o  6.6 ;

ne(1.5) = 108 / cm3 ;   ne ( ) = ne (Ro) exp [ - o / Ro] = 1.8 106  / cm3  
 >> nobs ( )
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The coronal density distribution has a minimum value at

rmin  = ro (7 o / 2)7/5  = 125 RS

The temperature gradient becomes superadiabatic :  (1 /  – 1) <m> g / k,

for r > rad= 34 RS

Rad = rad / ro = (1 -  )  / {[5 (1- ) / 7 o]
7/5 - }  ;      = 5/3

ro = 1.5 RS;  To  = 1.4 MK ;   o  = 6.6  ;    rad = 34 RS
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Minimum density at 125 RS, indeed Chapman’s conductive hydrostatic model

becomes already convectively unstable at 34 RS

where the temperature gradient becomes superadiabatic!!!
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Solar corona cannot withstand hydrostatic equilibrium.

It becomes convectively unstable above some altitude (34 RS).

But turbulent convection alla Bhom-Vitense is an

inefficient energy transport process in the outer corona…

Therefore, the solar corona must expand (steady state explosion : solar wind!)

in order to get rid of the energy deposited per unit time at the bottom...

 Continous radial expansion (solar wind) is thus the most efficient mechanisms

to evacuate the power deposited at the base of the corona toward interplanetary medium.
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Steady state expansion

of solar corona : solar wind

Hydrodynamic models / approaches /approximations

    Euler approximation of transport equations

   (Parker, 1958, 1963, 1965, …)
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Assume the densities & bulk velocities

of the electrons and protons are equal:  ue = up = u(r)

 u (d u /d r) + d p /d r = -  g   (one fluid momentum equation)

 u r2 = o uo ro
2 = Cst  (continuity equation)

p = n k T (perfect gas law)

T = Cst        (isothermal expansion)

c2 = k T /<m>   (sound speed)

o = <m> go ro /k T = ro /Ho

d ln(u /c) /d R [u2 /c2 -1] = 2 /R – o /R
2
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Bernouilli equation

(de Laval Nozzle analogy)

 (u2 –uo
2) /c2 – ln (u /uo) = o (1 - 1 /R) – 2 ln R

At R = 1       u = uo

At R =    u = 0  ;   n = n  >> nobs  for u < c (infrasonic)

  u =  ;   n = 0 ;  p = 0   for u > c (supersonic)

PARKERS’S CRITICAL SOLAR WIND SOLUTION

IS DETERMINED BY SADDLE POINT WHERE

 u = sound speed

(a unique critical solution)
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Parker’s steady state solar wind expansion  (1958)

Euler approximation of hydrodynamic transport equations

or Grad 5-moment approximation
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Larger coronal temperatures give larger SW bulk velocities at 1 AU.

…unfortunately faster solar wind originate in colder coronal hole !?
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Steady state hydrodynamic expansions of solar corona

 Hydrodynamic models / approaches / approximations

    Euler approximation of transport equations

   (Parker, 1958, 1963, 1965, …)

    Chapman-Enskog approx. (Navier-Stokes, Burnett, super-Burnett…)

   (Noble & Scarf, 1963; Parker, 1964; Whang & Chang, 1965; Durney, 1971 …)

    Grad 5- 8- 13- 20-moments approximations (Grad, 1949)

    The 16-moments approx. (Oraevski, et al, 1968; Demars & Schunk, 1979)

    (Whang, 1971, 1972;  Cuperman et al., 1980, 1981,1984;

      Demars & Schunk, 1990, 1991;  Leblanc et al. 2000;

      Ofman, 2000, 2004;  Li et al, 2006, … )
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Knudsen number : Kn

Mean free path : mfp

  Electrons  : ℓ D,e = 0.75 Te
2 / ne ln      [km]

  Protons     : ℓ D,p = 1.80 Tp
2 / ne ln      [km]

Kn = mfp / scale height  = D / H

   Exobase level where   Kn = 1
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Density distributions in Parker’s hydrodynamical solar wind solutions
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Knudsen number becomes larger than unity beyond 2-6 RS
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Beyond the exobase Coulomb collisions become rare.

Hydrodynamic approximations of transport equations are questionable;

Use kinetic approaches (exospheric, Fokker-Planck solutions, Monte-Carlo ...)
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Conclusions Part 1 :

•  There is a polarization electric field in the corona as well as in any

gravitationally bound plasma

• Generally EPR has a non vanishing parallel component!

• EPR  keeps the electron density scale height equal to ion density scale height; it

accelerates also the solar and polar wind protons to supersonic velocities

• This E-field is hidden in one fluid approximations of transport equations!

• Hydrostatic coronal models are convectively unstable

• Hydrodynamic expansion/explosion is needed to carry energy away to space

(conduction alone is not efficient enough)

•  Hydrodynamic solutions become collisionless at an altitude smaller than sonic

critical point (saddle point)
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Additional Slides

Cover page of CUP book “THE BASICS OF THE SOLAR WIND “ by N.

Meyer-Vernet

Review paper : kinetics models of the solara and polar winds,

Reviews of Geophysics and Space Physics, Vol 11, (2) pp 427-468, 1973.
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