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When transitioning from highly-collisional to weakly-collisional systems, there is not enough force  

to keep the distribution function isotropic, which yields : temperature anisotropy.

In situ (solar wind) observational studies : 
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Temperature anisotropy. All highly-collisional (MHD-based) fluid models are just one line in these figures.



  

Anisotropic (collisionless) fluid models

FLR = Finite Larmor Radius (corrections)

We define four generalized fluid models, that include the following dispersive effects :
 
Hall-CGL  =  Hall term is included in the induction equation;
FLR1        =  quasi-static stress-tensor (collisionless viscosity-tensor) is included; 
FLR2        =  first-order time-derivative d/dt of stress-tensor is included;
FLR3        =  heat fluxes are included and are coupled with stress-tensors, 
                     i.e. heat fluxes enter stress-tensor, and stress-tensor enters heat fluxes

<=>

The simplest model is known as 
CGL = after Chew, Goldberger, Low 1956
(CGL = collisionless magnetohydrodynamics)

Can be interpreted as conservation 

laws for: second adiabatic 
invariant (conservation of the 
average parallel momentum of a 
particle that is completely trapped 
and periodically bouncing inside of 
a magnetic bottle)

first adiabatic invariant 
(conservation of the magnetic 
moment of a particle that is 
periodically gyrating around 
a mean magnetic field)



  

Linearized, normalized & Fourier transformed equations in the x-z plane
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Note the 
differences in 
legends, huge 
enhancement 
for FLR3 model

Not perfect, 
but surprisingly
close !
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Parallel firehose instability
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It shows that fluids, similarly to kinetic theory, can become firehose-unstable at short wavelengths, 
while being stable in the long-wavelength limit. 



Examples of matching the kinetic theory with fluid description

1) Dispersion relation for perpendicular fast mode,
in the long-wavelength limit:

complete match, 
first shown by 
Mikhailovskii &
Smolyakov 1985

rho_i = Larmor radius

2) Damping of parallel sound (ion-acoustic) mode in a collisionless regime. It is caused by the Landau damping, and 
requires Landau fluid models, not discussed here. Similarly, damping of the electron Langmuir mode.
 

kinetic theory
Hammett and Perkins 1990

Hunana et al. 2018, 
convergence of fluid 
and kinetic descriptions 
was shown

Damping of the sound 
mode / its real 
frequency

Ratio of electron / proton temperatures

note the change of sign,
Del Sarto et al. 2017



If you are interested in collisionless fluid models and want to explore how to incorporate 
kinetic effects into a fluid description, there exists a detailed introductory guide.
 
The most comprehensive review of CGL-type models is Part 1:

https://arxiv.org/abs/1901.09360

https://arxiv.org/abs/1901.09354

The most comprehensive review of Landau fluid models is Part 2:
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