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Plasma models: from particle motions to fluid description: 
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From single particle motions to fluid view

Entorno Espacial 2025

A first approach: 

A) to apply the system fluid description (continuity, Navier-Stokes,…, MHD ) but 

adding  the electromagnetic forces effects on a plasma, for momentum and energy 
equations to obtain: 

In contrast: 

B) Apply elementary dynamics to any single particle (conservation laws , force on the 
particle…)  providing individual motions: 

A) Losses of information related to particles velocity, collective effects can mask 
microscopic and important  physics,  misleading results…non-local description.

B) Too simple,  losses of the collective effects (self-consistent forces) leading to very 
local descriptions of a plasma. 

C) Several intermediate descriptions are needed by virtue of the plasma system  
scenario.    It is desirable to account for collective phenomena in  suitable time 
and spatial scales.  
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Collision parameters, the key 
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• From microscopic description of particles close the  thermodynamic equilibrium : 

a distribution function is derived f(v) , from it, macroscopic magnitudes can be obtained by  
averaging calculations, providing a direc relation  to  macroscopic description (e.g. Temperature 
is related to average kinetic energy)
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• Microscopic desccription: particles distribuited in velocity and in space (phase space) 
• The key for a microscopic view is the mean-free-path , a statistical concept, intuitively, for a test 

article a collision with a fixed particle b, this distance would be:  (see. Ref. 2, Knudsen number)
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Colissions (Irreversibility conditions, microscopic) 
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A first  question: Is it posible to study plasmas as they were neutral gases
Moreover: Can we deal plasmas as system in (or close to ) thermodynamic equilibrium? 

A neutral gas reached  termal equilibrum after particles  microscopic interactions called, in genral, 
collisions: 

 Elastic collisions dominate  (binary, instantaneu sintense forces )
 Short.range intense forces. 
 Random or  zig-zag particle motios. 

But, in plasmas, charge  particles interact by Coulombian forces : 
 Smooth trajectories and multiple particle  interaction 
 Coulomb forces are large-range and weak ones. 

Equili. Neutral gas is microscopically characterize by a statistical   description, distribution. 
Macroscopically, described by a Estate Equation  g(P,V,T,N)=0-
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Statistical description is needed . Remember neutral ideal gas
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Ionosphere  data
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Nature of collisions defines gas time and spatial scales
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Neutral vs ionized gases will differ in time and space evolving scales, T and L , larger 
compared ti collisional microscopic scales.  
:  c
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The Maxwell-Boltzmann homogeneous distribution  f(v) is reached by a neutral gas, it can 
be considered as the probability of finding a particle with velocity in the range 
v and v+dv , or , alternatively, the nunber of particles dn in this range:  

(see Material Auxiliar Ref. 1.3 and  Ref. 2.1) 
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And, of the gas is under a foeld action with potential energy Φ ( changing the kinetice
energy Eby teh mechanical energy) we get the Maxwell-Boltzmann distribution: 
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Maxwell-Boltzmann Distribution 

Entorno Espacial 2025 9



Application: Field shielding, Debye Length as fundamental plasma spatial scale 
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• Let us assume an equilibrium Maxwellian plasma. For a point charge in a local perturbation of 
plasma neutrality, the local electric potential  satisfies: See Ref. 3). We can see that the E field 
is shielded from the any point charge  (the individual field vanishes is a short distance). 

• The electric field perturbation decays exponentially from any test point charge q in a 
quasi-equilibrium neutral plasma
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Application: Debye Length as fundamental plasma spatial scale II 
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• For a point charge in a local perturbation of plasma neutrality, the local electric potential  
satisfies: See Ref. 3) 

For a small deviation froma equilibrium, gives teh characteristic Debye Lengh: 

• Or elctron and ion Debye lenghs and potential (shielded field) solution: 

• The electric field perturbation decays exponentially from any test point charge q in a quasi-
equilibrium plasma satate: No large E field can be sustained inside a conductive medium 
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A first (exact and useless) distribution :
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An  exhaustive and complete approach would give the useless (unreachable) 
peaked abrupt distribution for N particles in deterministic motion:  (Klimontovich  
distribution) knowing  every point particle deterministic, Newtonian,  position and 
velocity at time t, we would have: 

Giving the macroscopic charge and electric current densities of punctual elementary 
charged particles sets :  (check physical units ¡¡) 

3

1

3 3

1

( , ) ( ) ( , , ) ( ) ( , )

( , ) ( ) ( , , ) 1

N

i i K i
i i

N
i i i

Ki
i

t q f t d n t
con

t q f t d d N

ρ δ δ

δ
=

=

= − − = 
 

= −   = 

∑ ∑∫
∑ ∑∫

r r r r v v = r r r

J r v r r r v v r =

∇⋅E =
ρc

εo

∇∧ E = −
∂B
∂t

∇⋅B = 0 ∇∧ B =
1
c2

∂E
∂t

+
Jc

εoc
2

1 1 1: ; ( , ) ( , , )

N N N

e e i e i
i i i

e e e e e e e e e e e ee

q q q
N NEjm q q n J t q n q n q f t d

V V V N V
ρ

∆ ∆ ∆

= = =∆ ∆
= = = = = = = =

∆ ∆ ∆ ∆ ∆

∑ ∑ ∑
∫

v v
r v v v r vu

ρc(r,t) =
α
∑ ρeα =

α
∑ qαnα (r,t)

Jc r, t( )=
α
∑ Jeα =

α
∑ qαnα  uα = qα fα (v,  r, t)

−∞

+∞

∫ v dv

( , ) ( , )t m n tα α αρ =r r α = e,i , a
One distribution for each species: electrons, ions and neutrals, coupled  to Maxwell Equatons in Electr.
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Extension: Information given by f and macroscopic magnitudes  
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 The most important macroscopic measurables (magnitude measurements), for each plasma 
species α, derived from the distribution function are averages of  velocity functions H(v)  (usually 
powers of velocity components) in the form:  (Definitions)   α= electrons  e.  ions  i. and neutrals 
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• And the derived ones (observe that T and energy transport, heat, are measured accounting for 
thermal fluctuationa around fluid velocity u : 
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A differential evolution equation for f is needed
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Approach (theoretical interest only): The Klimontovich distribution is in practice  replaced by a 
formal smooth density  f(r,v,t) in  phase space point “particles” at position q=(r,v) of a six-
dimensional space, understood as a number of points in a q-space 6-Dim, still small,  
volume: 

that generates a smoot function f as the (number) density of particles inside a small six-
dimensional  volume element cantered at position q= (r, v). 

NOTE: This approach is similar to that one expressing mass density ρ as a continuous smooth function of position of a 
small volum containing ∆𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, instead of a distribution of point masses  by a set Dirac Delta densities 
𝜌𝜌 𝑟𝑟 = ∑𝑖𝑖∆𝑁𝑁𝑚𝑚𝑖𝑖 /∆𝑉𝑉) 

As a density f(r,v,t),  has to satisfy a continuity equation if no particles are created or 
destroyed : 

In particular: 

Where r and v , as components of  q=(r,v) , are INDEPENDENT variables. 
THERE is a distribution function for each plasma species ¡¡¡¡¡ 

Kinetic:  A very general formulation is possible knowing the time evolution of f ,  valid for 
Inhomogeneous , anisotropic and non-equilibrium plasmas. 
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Kinetic Theory: general and basic for other approaches
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For the species density  f in a point of the configuration space  r, as for the  density of dN=n dr , in velocity 
space , it  can be defined a similar number density being proportional to volume element dr and function of  r, t 
and v as    f (r, v, t) dr. of phase space 

The number of  points dNp in the volume dr dv of phase space with  velocities lying between v and v 
+ dv and position between r and r + dr is dNp= f (r, v, t) dr dv = f (r, v, t) dr3 dv3 = f (q, t) d 6 q 
Being the number density of real particles in physical volume element and dn= f (r, v, t) dv =f d3v
giving the density n and the number of particles as 

n(r,t)=∫ f (r, v, t) dv and N=∫n (r, t) dr
f (r, v, t) is the spatial-velocity distribution function, it can be also understood  as a probability  

density of points in the 6-D  r-v phase space (then ∫ f dr dv=1)

Kinetic Theory: A very general formulation is possible knowing the time evolution of f , valid for
Inhomogeneous , anisotropic and non-equilibrium plasmas.
It is quite general (usually unaffordable) and practical approximate theories are needed

To do this, it  is important to distinguish interactions in/out a Debye Sphere,  to account for: 

microscopic fields simulated by collisional effects dominate in a Debye Sphere, 
whereas macroscopic fields (contribution out of Debye Sphere) also enter  as 
a response of the  collective effects, also changing them,  intrinsic in any plasma

ALL PLASMA DESCRIPTIONS APPEAR IN PLASMA INVIROMENT SCENARIOS  
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Kinetic Theory: general and basic
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For the species density in a point of the configuration space  r, as for the  density of n dr , in 
velocity space it is defined a similar number density being proportional to volume element dr
and function of r, t and v as     f (r, v, t) dr.

The number of particles dN in the volume  dr with  velocities lying between v and v + dv is 

dN= f (r, v, t) dr dv = f (r, v, t) dr3 dv3 = f (r, v, t) d3 r d3v

Finally:
f (r, v, t) is the spatial-velocity distribution function, it can be also understood   as a 

probability  density of points in the 6-D  r-v phase space.

Kinetic Theory: A very general formulation is possible knowing the time evolution of f ,
valid for Inhomogeneous , anisotropic and non-equilibrium plasmas. It is quite general
(usually unaffordable) and practical approximate theories are needed

To do this, is important to distinguish interactions in/out a Debye Sphere,  to account for: 

microscopic fields simulated by collisional effects dominate in a Debye Sphere, 
whereas macroscopic fields (contribution out of Debye Sphere) also enter  as 
a response of the  collective effects, also changing them,  intrinsic in any plasma

ALL PLASMA DESCRIPTIONS APPEAR IN PLASMA INVIROMENT SCENARIOS  
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Kinetic Theory : importance of collisions (thermalization/irreversibility) 
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Práctica: Klimontovich f
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Unidades:  
• N partículas deterministas con velocidades y posiciones conocidas, del orden del Número

de Avogadro
• Densidad numérica n ,  en partículas / m 3 ,  o sea, m -3  

• La delta de Dirac  de    r    tiene unidades de  m -3 

• La delta de Dirac  de    v    tiene unidades de  (m/s) -3 

Dar las unidades en las que se mide la distribución f , y comprobar que se satisfacen tanto para la fk
como para la Maxweeliana. Observad que:
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Problem 1)  Discuss the meaning of the elementary distributions: 

(indication:  evaluate the averages  of velocity components and modulus)

Compute n, u and  T . 

Práctica. Interpretar las f y calcular n , u y T

The distribution function f(r,v,t)  plays the role of density n(r,t) but in  6-Dim 
phase space: 

f is the density of particles  related to the number of particles in an 
elemental 6-Dim volume of phase space. 

The time evolution of       f(r,v,t)        is described by the KINETIC THEORY

The number of particles in an elemental volume dr dv, at a 6-D point (r, v ),  is: 

dN= f (r, v, t) dr dv = f (r, v, t) dr3 dv3
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Sentido físico de la función de distribución delta

● Individual Velocity distributions (fixed position x or uniform spatial disposition):
● 1.- particle streams: uniform and two counter-streaming beams

● 2.- Distributed particles:

● ¿Units of Dirac-Delta, n(t) and
f(u,t)
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