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Saturn’s atmosphere
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Helmholtz (1868),   Kelvin (1871)  



Conditions in the solar corona:  strongly magnetized,  
anisotropic, rarefied and  almost collisionless hot plasma

Te ≈ Ti = 106 K;             VTe ≈ 4000 km s-1,               VTi ≈ 100 km s-1, 
ne = np ≈ 109 cm−3; 2/pe ≈ 3,5 10-9 s,            2/pi ≈ 1,5 10-7 s
B ≈  0.1100 G; 2/Be ≈ 10-6  10-9 s;          2/Bi ≈ 10-2 10-5 s

ee ≈ 7,5  10−6 s, ii ≈ 3.2  10-4 s, ei ≈ 10−2 s 
ee ≈ ii ≈ 3000 cm, ei ≈ 40 km

rBe ≈ 2000.2 cm, rBi ≈ 90009 cm 
Be ≈ 10−610−9 s, Bi ≈ 10−210−5 s

Approach of a strong field:  ee >> rBe, ii >> rBi, ee >> Be , ii >> Bi 
There is no “mixing“ of transverse and  longitudinal energy:  f = f (v||, v , r, t)

Anisotropy: 1
||||
 

T

T

p

p

There are observations in the solar wind (  23), in the outer corona ( > 100) for 
heavy ions and protons, and in a coronal hole (  10).

Moreover:  VA ≈ 10104 km s-1,     Сs = VTi ≈ 100 km s-1. 
Vturb  2550 km s-1 (turbulence) from the non-thermal broadening of line profiles;
plasma parameter  = 8p/B2 ≈ 3,5 104 >> 1 for B = 100 G
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At those distances from the Sun, where there are local 
measurements,  they show a marked anisotropy of the 
proton temperature plasma of the solar wind.

Anisotropy measurements in the solar wind

mirror

ion-cyclotron

fire-hose-2
Fire-hoseadiabat

distribution function
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Background of the temperature anisotropy

Temperature anisotropy of the magnetized plasma of the solar corona and
the solar wind is the result of different processes, which include, for
example, the well-studied in the physics of laboratory and space plasma
processes as:

Adiabatic compression of the plasma with a magnetic field (transverse
magnetic compression tubes and loops, magnetic clouds, etc.), which
results in the strengthening of the magnetic field. Owing to the
conservation of the adiabatic invariant of the motion of particles in a
changing magnetic field (the angular momentum of rotation of the
particle V 

2 / B = const) there is growth the transverse velocity or
transverse plasma temperature.

Free expansion of the plasma along the magnetic field, which is
observed in such formations as open magnetic tubes and coronal holes. 
The decrease of the plasma density is accompanied by decreasing of
longitudinal plasma pressure or its longitudinal temperature (p || B2 /3 = 
const).
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Background of the temperature anisotropy

Particle dynamics in magnetic loops, which is equivalent to plasma
confinement in a magnetic mirror, and which is accompanied by the
formation of the temperature anisotropy of the particles due to leaving of the
particles through the formed magnetic mirrors.

The injection of the plasma across the magnetic field in such phenomena
as mass ejections, as well as direct impulse injection of particles along and
across the magnetic field in the process of magnetic reconnection in solar
flares.

The described phenomena and processes occurring near the sun, can
be considered as the primary sources of the temperature anisotropy of
solar plasma that continually support it at some level, providing many
related to its relaxation of the dynamic plasma processes in the solar
atmosphere and the solar wind. These include first of all different
plasma waves and instabilities, as well as related processes of the
solar plasma turbulence, coronal heating and solar wind acceleration.
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Grounds of formulating the problem:

-- The condition of a strong magnetic field is satisfied:

iBeieiBeie r ,,,, ,  

The strong magnetic field with a complex topology makes the hot, almost collision-free  plasma 
anisotropic and the applicability of the usual hydrodynamical description of the plasma is broken. 

Particles rotating around the magnetic field lines are localized across the magnetic field at a 
distance of a Larmor radius. It means that transverse movements of the plasma in scales  
L >> rB can be described in the fluid approach.

-- In the longitudinal direction the plasma  is "cold": 
V

T < Vwave

-- A strong anisotropy of kinetic temperatures of protons and 
heavy ions is observed  – hence, the full pressure is anisotropic:

||pp 
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The kinetic equations
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Boltzmann-Vlasov

+ Maxwell equations for the electromagnetic field

fa(u,r,t) – distribution function of a-sort particles – not Maxwellian! 

l.h.s. r.h.s.=Q(f)
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The number of particles in a plasma sphere with a Debye radius of rD is small.

Therefore collisions can be neglected,  

Q=0 - collisionless plasma
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Search for the solution of the 
kinetic equation
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Different  expansions  around  the  steady  distribution function 
for microscopic  velocities  (weight  function)  are used: 

- Maxwellian

- bi-Maxwellian

The  perturbative  solution  based on the  fast  gyromotion  ordering that applies when the 
Larmor gyration period is much shorter than any other characteristic time scales is used.
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The MHD equations on the base of 
the 16-moments transport equations

Two adiabatic  invariants are
truncated by heat  transport



Variables and number of equations

= 11 variables

Number of  equations = 11:

 The equation of a mass continuity - 1

 The equations of motion               - 3

 The equations of  energy              - 2

 The equations for heat fluxes        - 2

 The equations for a magnetic field - 3

BV ,,,,,, |||| SSpp 
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Initial state

 / t = 0,   / r = 0 , g = 0

V0 || B0, 

S││0  (3/2) nekBT││V0  = (¾) p││V0 

S 0  (¾) pV0 

The parameter  is defined by the initial distribution function.

Calculations of realistic distribution functions and their comparison with 

the observed solar wind parameters gives: 

 = 40.1 (for B = 0.1100 G) (Hollweg, 1974, 1976).
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The linear wave equations and 
the parameters of the problem

X(r, t) = X0 + X’(r,t) ,    X’(r,t) = X’ exp(ikr - it)
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- Parameter of pressure anisotropy

- Magnetic field parameter (inverse to plasm)

- Heat flux parameter

l = cos2 - propagation angle parameter 

Parameters of the problem:
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Usual isotropic MHD theory
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Slow  and  fast  magnetosonic  waves
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Alfvén waves

These modes in the considered model are always stable!

fastAslow VVV  This parity between the phase 
speeds is always satisfied
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parameters:

 Two modified mirror modes  +  two new thermal modes 
are described by the dispersion equation of 8-th order: 

- real  functions 

16-moments MHD theory
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Alfvén fire hose modes –
prototype of usual Alfvén waves

Fire hose instability condition: 
magppp 2||  
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Approach 

MHD Alfvénic  - stable

Fast magnetosonic  - stable

Slow magnetosonic  - stable

CGL Alfvénic fire hose  - instability

Fast mirror  - stable

Slow mirror  - instability

16-moments
approach

 = 0

Alfvénic fire hose  - instability

Modified fast mirror  - stable

Modified slow mirror  - instability

Fast  thermal   - stable

Slow thermal   - stable

  0 (with heat flux)

Alfvénic fire hose  - instability

Prograde fast mirror     - stable

Retrograde fast mirror  - instability

Prograde slow mirror    - instability

Retrograde slow mirror - instability

Prograde fast thermal    - stable

Retrograde fast thermal - instability

Prograde slow thermal   - instability

Retrograde slow thermal- instability

MHD-wave modes in the collisionless plasma 
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of  Kelvin-Helmholtz instability

!
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Shear layer with finite width
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l = cos2
propagation angle parameter max grows rate !0l
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Thanks for attention !


