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What is PLASMA? 

• Gas with sufficient number of free charged 

particles (positive + negative)  so that its 

behaviour dominated by electromagnetic 

forces.   

 

• Even low ionization degree (~1%) :  

 sufficient for gas to show electromagnetic 

properties (electrical conductivity ~ fully ionized 

gas). 
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Importance of Plasmas 

• Magnetized plasmas  are 
present in almost all 
astrophysical objects 

• They are crucial  in: 

 - star formation; late stages 

 - solar and stellar activity 

 - formation of jets and    
accretion disks  

 

 

 - formation and propagation 
of cosmic rays 

 - galaxy structure 



Importance of Plasmas 

• They are also crucial in: 

 

 - ISM 

  - molecular clouds 

 - supernova remnants 

 - proto-planetary disks  

 - planetary nebulae  

 

 - GRBs 

 
 

  



Importance of Plasmas 

● Their importance not well 
understood  yet in: 

 

 - stellar evolution 

 

 - galaxy evolution 

 

 -  structure formation in the 
early Universe 

 

  

 

 

  



Exs. Plasmas in Earth 



Plasmas in Laboratory 

Major goal: 

• Thermonuclear fusion (as in the interior of 

stars)  production of energy! 



Plasmas in Laboratory: TOKAMAK 

Controlled thermonuclear 

fusion experiments:  

still in progress… 



 PLASMA: simple definition 



 PLASMA: Microscopic Definition 



 PLASMA: Quasi Neutrality 

● Assume local charge concentration (δn e) 
 
  according to Coulomb law: 
  

  generates the electric field:  
 
  E// provokes on the thermal random motion of electrons: flow with 
velocity v//:   
 
 
 
● Solution: simple harmonic motion with plasma electron frequency  that in 
the average neutralizes E//:  

≈ 



 Quasi Neutrality - Plasma Frequency 

●ωpe defines natural plasma frequency (neutralizes E effect) 

 
● ıons oscilate with much << frequency   
(practically at rest in relation to els.)  
 

● Any external electric field E applied with freq. ω < ωpe  
 is unable to penetrate the plasma  
 

● Debye length:   
 

       E does not penetrate plasma if: 
 
                    ω < ωpe ou  λ > λD  
 
 
  
 
 
 
 



  
PLASMA: Debye length (λD) 

 ● λD  scale within which separation between charges can 
be “felt”:  
 
 
  
 
● Within sphere of radius (λD)  charge neutrality is not valid: 
 electrostatic external oscillations with λ ≤ λD penetrate the sphere and 
feel the collective effects of the charges   strongly damped  
(Landau damping) 
 
● Electric Potential Field of a charge within plasma: has its action 
screened (or partially blocked) by cloud of charges 
  
 
 
  
 
 
 
 

    λD 



 PLASMA: collective behavior   



PLASMA: Quasi Neutrality 

● Tpypical dimension of astrophysical plasmas:  L>> λD 
                

     quase neutrality is valid 
 
      Internal E fields: little important  
  
 (neutralized by strong oscillations  ωpe)  
 
      External E fields typically do not penetrate  
 
       (ω << ωpe , λ > λD)   
 
 Below: macroscopic description of a plasma as a fluid 
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Plasma Physics 



Motion of a single charge 



Motion of a single charge 



Motion of a single charge 



Motion of a single charge 



Plasma Physics 



Plasma Physics 

(ω ≥ωpe)  



Plasma Physics 



Fluid description: MHD 

 
Macroscopic model: size and time scales are large enough   
possible to apply AVERAGES over microscopic quantities: 
colective plasma oscillations and collective cyclotron motions of 
ions and electrons 

 

Macroscopic definition  



Fluid description: MHD 

 Maxwell eqs. + hidrodynamics eqs. = Eqs. MHD 

+ 



Fluid description: MHD 

  One-fluid approximation:  

 

(combining eqs. of motion of  els. and ions) 



 MHD Equations 

Electric Resistivity: 



Magnetic Induction Equation 

Advection: gas 

and magnetic 

field coupling 

(freezing) 

Viscosity: 

dissipation of the 

magnetic field 

Biermann Battery: 

only important for 

generation of B 

(dynamos) -> non 

null differential 

rotation (in general 

neglected) 



MHD Equations: ± usual 

(cm2/s) 

(magnetic induction) 

Where magnetic resistivity:  
 

 

Eq. of state to close the system:  

 

(Ampere, divergencia) 



Magnetic Force 

Tension 

Force 

Magnetic 

Pressure Force 

Dipole magnetic field of a  star magnetosphere 
(ex. pulsar):  
                   tension = pressure magnetic 

= 0 



 
Ratio between these two terms:  
 

 

 

 

 Magnetic Reynolds number 
 

 In astrophysical plasmas in general:     ReM >>1  ideal MHD: 

 
 
 
 
Exceptions: ReM ≈ 1:Ex. Magnetic Reconnection  resistive MHD   

IDEAL MHD  



Ideal MHD  B Flux Freezing 

 The magnetic flux through A with closed contour that moves with the 

electron gas is CONSTANT (if perfectly conductive fluid)              
 
 Concept of flux freezing 
 
 
 
 
Where  d/dt is comoving derivative: 
     

With η = 0: 
 
 
Integrating over an open surface A surrounded by a closed 
contour ∂S and using Stokes' theorem: 
 
 
 

A 

B ve 

ds 

=0     and  



B Flux Freezing: ideal MHD 

 Magnetic flux freezing: 
     
● It means we can see the lines of force of B as 
"frozen" in the electron gas and moving along with 
the gas 
 
● Any motion transverse to the lines of force of the 
magnetic field, carries them along with the fluid 
    
● A fluid element that moves along a flux tube 
remains moving with it. 



Is B flux freezing always valid? 

 In astrophysical plasmas: flux freezing valid in 
general because  
 
       L,v  >>1                   >> 1 
 
 

● BUT there are exceptions: 
 

Ex. 1) magnetic reconnection sites  
 
Ex. 2) star formation 
 
Ex. 3) dynamos: magnetic field generation  
 



Is B flux freezing always valid? 

 NO 
 
Ex. 1) magnetic reconnection sites: B flux does not conserve because    
 

~1 



Is B flux freezing always valid? 

 NO  
 
Ex. 2) collapse of an interstellar cloud to form a star: 
 
Cloud:  
ρ ∼ 10− 20 gcm− 3 

B ∼ 10− 4 G  
 
 
If we use ideal MHD   B flux conservation :  
 + mass conservation eq., we obtain: 
                            B* ∼ 109 G ! 
 
BUT, observations:     B* ∼ 103 G  
 
Therefore: There was no flux conservation!  There were flux 

removal. What resistive process did that?  
 
 

Star: 
ρ* ∼ 1gcm− 3 

B*  = ?? 



 

 

 
Self-Gravitating collapsing clouds 

 

 Self-gravitating gas + central spherical potential (~1/r²) 

Leão et al. 2013   b=3, n=100 cm-3 t~ 40Myr 

Turbulent  Non-turbulent  

Subcritical core Supercritical core 



 

 
MHD turbulent diffusion: new scenario  

 
 

 

 

 

 

 

 

     
 

 

 

In presence of turbulence: field lines reconnect fast 

(Lazarian & Vishniac 1999) and magnetic flux transport 

becomes efficient  

Lazarian 2005, 2012 

Santos-Lima et al. 2010, 2012, 2013 

de Gouveia Dal Pino et al. 2012  

t 

t 

 



 

 

 
Self-Gravitating collapsing clouds 

 Turbulent Reconnection Diffusion (Lazarian 06; 

Santos-Lima, de Gouveia Dal Pino, Lazarian 2010, 2012, 2013) 

Leão, dGDP, Santos-Lima, Lazarian 2013   



Is B flux freezing always valid? 

 NO  
 
Ex. 3) dynamo: generates magnetic fields: obviously does not 
conserve magnetic flux  NON  IDEAL  MHD  
 
 
 

....+ new terms  



 

Solar Dynamo Example 

Guerrero & de Gouveia Dal Pino 2008   



Turbulent Dynamo in ICM 

• Magnetic field is turbulent (Ensslin & Vogt 2005) 

• Turbulent dynamo operates (Brandenburg & Subramanian 05) 

• Dynamo amplifies seed fields (AGNs, galactic winds, mergers) 

Hydra 



 ICM - COLLISIONLESS 

Low  density of IGM & ICM:  
 

              ion Larmor radius  Ri  <<  mean free path λmfp   ~ L 
 

            

 

                     Ri ~105 km << lmfp ~ 1015 km   ~ L 
 

 

In absence of collisions:      p//  p⊥ 
 

        MHD:   INADEQUATE 

 

        Kinetic-MHD description:   



Kinetic-MHD Turbulence in the ICM 

Solve:  MHD equations with pij  

 

+ 

 

 

 

 

 
Conservation of magnetic momentum + adiabatic law = CGL 

condition (Chew, Goldberger & Low 1956):  
 

             

 

 

 

 

                     

   



 Turbulent Dynamo in the ICM:  

 

Amplification of Cosmic Magnetic Fields  

Santos-Lima  et al.  2013; Kowal et al. 2011 



(few more examples) 



+Aplications: (Ideal) MHD: Waves  



 Normal compressible fluids:  

 

– Acoustic waves (release of free energy 
associated with non-uniform density or 
velocities) 

 

In plasmas:   

- Besides these: new modes appear 

 

 

– Waves: modes with real frequencies  



Perturbing MHD equations 

Hypotesis: 

 

• Bo, o, vo, po : constant and uniform at equilibrium 
state 

    

• Consider perturbations in plasma: l << L (dimension of 
the system) 

   

     

    

 



Perturbing the system 

f1(x,t): 1st order perturbation: f1(x,t)  << fo 

 

Neglect:  

 

v= vo + v1, take vo = 0, denote  v1= v 

 

Physical quantity at equilibrium (order 0) 



1st order equations 

• Coeficients of eqs. are constants: 

            solution:  

 

 

If n imaginary and k real  WAVE 

If n real and n>0   growth rate of INSTABILITY:  f ~ exp (nt)  

If n complex  wave with growing (or non-growing) amplitude with time 

If k real  wave with constant amplitude in space 

If k imaginary  wave with growing or damping amplitude in space 



Dispersion relation n(k) 

Since these eqs. are homogeneous: solutions only if determinant 
of coefficients = 0 -> result dispersion relation n(k) 

v1 

v2 

v3 



Taking  eq. for  v2   

This mode:  Alfven wave 



 

 Alfven wave 

First described bt Alfven (1953): Alfven wave. 
 
Velocity perturbation transverse to plan k and Bo 
 
Propagates // Bo 
 
 
 
 
Key role in transmiting forces, like acoustic waves in non-magnetized gas 
 
Since motion transverse to B: lines of force are bent by the motion of the 
wave and a restauring force due to magnetic tension is exerted by lines 
(similar tension in a rope): 
 



 

 Magneto-acoustic Waves 

 

 
If we consider motions in direction 1   

(//  k  and  ┴  B):   

 

Velocity  //  k implies compression of the 

gas (resistance of pressure) 

 

Velocity normal  to B means 

compression of B lines  (resistance of  

magnetic pressure) 

 

  magnetic-acoustic wave                 

  (longitudinal to motion): 
1 

2 

3 

k 

Bo 

 

 2 



Other aplications 

• Shock waves  

• Particle Acceleration (next lectures) 

• Instabilities  

• Magnetic Reconnection (next lectures) 

• Winds  

• Dynamos  

• Turbulence 

• Etc…. 

 


