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Aims 

•  Provide new PhD students in SPAT and the SPC section with an 
overview of the most important principles in space plasma physics, as 
necessary to understand the different research activities the group (and 
section) undertakes in this area. 

•  Provide background information for the remaining space PG lectures 
which will make use of many of the concepts introduced here 

•  ATMOS students: to enable you to fully understand and appreciate 
space research presented in e.g. group talks, having been introduced 
to key terminology and concepts. 

•  SPACE students: to refresh your memory, provide revision activities, 
and a starting point for more in depth self-study, tailored to the 
demands of your specific research area. 



Intended outcomes 

After these lectures you will be better able to  

•  Know what a plasma is, appreciate why knowledge of plasma physics is necessary for 
space physics, and explain the concept of collective plasma behaviour 

•  Recall key plasma parameters and their definition, and perform quantitative calculations 

•  Describe the nature of different plasma models, specifically single particle motion and 
magnetohydrodynamics  

•  Know the concept of frozen in flux, and know its importance for understanding space 
physics phenomena and the formation of structure  

•  Describe and understand the concept of Alfven waves 

•  Describe and understand the concept of magnetic reconnection 



Structure 

Monday 1:30pm – 3:00pm 
 

 Part 1: Introduction. What is a plasma? 
 Part 2: Single particle motion 

 
Tuesday 1:30pm – 3:00pm 
 

 Part 3: Magnetohydrodynamics (MHD) 
 Part 4: Waves and magnetic reconnection 

 
Friday 2:00pm – 3:00pm 
 

 Problem sheet solution/discussion 



Part 0: Who am I? Who are you!? 



Part 1: Introduction. What is a plasma?  



Basics 

What is a plasma? 
 
•  According to the Concise Oxford Dictionary, a plasma is ‘a gas of 

positive ions and free electrons with little or no overall electric charge’. 

•  A plasma exhibits collective behaviour in response to electric and 
magnetic forces 

 
Examples? 
 
Solar wind 
Magnetosphere 
Planetary ionospheres 
Corona 
Fusion plasmas: JET, MAST, ITER… 
 
 



What is plasma made of? 

•  Physically, plasma contains ionised atoms and molecules, enough to 
feel the effects of electric and magnetic fields 

•  Partially ionised plasma? 
•  Completely ionised plasma? 

•  Space plasmas 
•  solar wind etc: H+ (He++) 
•  Earth’s magnetosphere: H+, (O+) 
•  Jupiter’s magnetosphere: S+ 

•  Plasmas are neutral on ‘large scales’ because of their collective 
behaviour 

•  Neutral fluids are mediated by collisions… 



Particle collisions 

Space plasmas are very rarified: particle collisions are rare & mean free 
paths are long 
(Figures from Baumjohann and Treumann, 1997) 
 
 
 
 
 
 
 
 
 
 
 
Electric and magnetic forces ensure collective behaviour, even in 
‘collisionless’ plasmas 
 



Collective behaviour #1: quasineutrality 

Debye shielding 
 
An isolated excess charge +Q attracts a cloud of electrons that shield it 
 
Potential of a point charge +Q in vacuum: 

    
𝜑= ​𝑄/4𝜋​𝜀↓0 𝑟  
 
Potential of a point charge +Q in a plasma: 
 
𝜑= ​𝑄/4𝜋​𝜀↓0 𝑟 ×exp​(​−𝑟/​𝜆↓𝐷  )​                    𝜆↓𝐷 =√⁠​​𝜀↓0 ​𝑘↓𝐵 𝑇/​𝑒↑2 ​𝑛↓0    



Debye shielding calculations 
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Debye shielding 

How many particles do you need for Debye shielding to work? 
 
ND = n0λD

3 >> 1  
 
 
 
 
 
 
 
 
 
Plasmas are overall charge neutral on scales >> λD 
 
 
 



Collective behaviour #2: plasma oscillations 



Electron plasma oscillations 

•  Displacements give rise to restoring 
forces 

•  𝜔= ​𝜔↓0 = √⁠​​𝑛↓0 ​𝑒↑2 /​𝑚↓𝑒 ​
𝜀↓0    

•  Independent of wavelength 

•  Depends only on density 



Plasma oscillations in space 

Reiner et al., Large scale interplanetary magnetic field configuration 
revealed by solar radio burst, Science, 1995 





http://www-pw.physics.uiowa.edu/juno/audio/  





Voyager 1 evidence: plasma oscillations! 

Gurnett et al., Science, 341, 1489, 2013 (12 September 2013 published online) 



Sonification of Voyager 1 plasma data 



Part 2: Single particle motion 



Single particle motion 

A great deal of insight can be gained by examining the behaviour of a 
single particle in applied electric and magnetic fields 
 
This particle could be a special ‘test particle’ (e.g. a energetic proton) 
 
Or representative of the general plasma population 
 
 

   F = q(E + v x B) 
 

   F = m dv/dt 
 



Example of test particle calculations – shock acceleration 



Single particle motion #1: uniform magnetic field only  

    F = q(E + v x B) 
    F = q(v x B) 

 
Parallel motion:    vpar = constant 
 
Perpendicular motion: 

 Gyromotion   mvperp
2/R = qvperpB 

 
 Lamor radius:   RL = mvperp/|q|B 

 
 Cyclotron frequency:  ΩC = qB/m 

 
Which way do ions and electrons gyrate? 
Ions (positive): left handed  Electrons (negative) right handed 
 
 



Cyclotron motion 



Single particle motion #1: uniform magnetic field only 

Constant motion along field  
+ 

Gyration about the field 
 
=  
 

Helical particle motion 
 

Implication: particles tied to field lines 
 

 
 
Definition: Pitch angle = tan-1 vperp/vpar  



Single particle motion #2: uniform electric & magnetic field 

•  All particles drift in the same direction 

•  Change frame: can remove the electric field and the particles undergo 
simple gyromotion 



Single particle motion #2: uniform electric & magnetic field 

Parallel 
 

   m dvpar/dt = qEpar 

 
Perpendicular 
 

   vperp = (E x B)/B2 
 
 

Summary:  
•  a parallel electric field accelerates the particle along the field line 
•  a perpendicular electric field causes particle drift perpendicular to the 

field line 
•  E x B drift is a very important concept 



Single particle motion #3: general force + magnetic field 

For a general force on a particle, we can use the ExB result, since F = qE 
 
A general force F will lead to a particle drift vD where  ​𝐯↓𝐷 = ​𝐅×𝐁/𝑞​𝐵↑2   
 
Curvature drift:     Gradient drift: 
​𝐅↓𝐶 = ​​𝑚( ​𝑣↓𝑝𝑎𝑟 )↑2 /​𝑅↓𝐶  ​​𝐑 ↓𝐶     ​𝐯↓𝐷 = ​​𝑚(​
𝑣↓𝑝𝑒𝑟𝑝 )↑2 /2𝑞​𝐵↑3  (𝐁×𝛁|𝐁|) 
 



Magnetic mirrors 

​𝜇↓𝑀 = ​​𝑚( ​𝑣↓𝑝𝑒𝑟𝑝 )↑2 /2𝐵  
 
µM is the magnetic moment of the particle (current x area) 
 
The magnetic moment is an adiabatic invariant 
 
Constant of the motion if conditions are slowly varying 
 
Slowly varying means L >> RL, T >> 1/ΩC 



Magnetic mirrors 

​𝜇↓𝑀 = ​​𝑚( ​𝑣↓𝑝𝑒𝑟𝑝 )↑2 /2𝐵  
 
Since µM is constant, if the magnetic field strength increases then the 
perpendicular velocity increases 
 
Velocity is conserved, so the parallel velocity decreases 
 
Can trap a particle in a ‘magnetic bottle’ 



Magnetic mirrors exist in space 



Part 3: Magnetohydrodynamics (MHD) 



Magnetohydrodynamics (MHD) 

•  MHD = fluid dynamics + electrodynamics 

•  Treats the plasma as a single conducting fluid (ignore the ions and 
electrons). 

•  Simplest plasma model 

•  The equations can be derived from kinetic theory. We will not do this 
here. 

•  Many assumptions… 
 
 



Assumptions 

•  Long scale lengths 
•  Scale lengths are much bigger than the Debye length 
•  In fact, scale lengths much bigger than the ion Lamor radius 
•  We are therefore ignoring particle effects, plasma is a ‘juice’ 

•  Slow speeds 
•  No relativity 
•  Velocities are much less than the speed of light 
•  No displacement current 

•  Long time scales 
•  The underlying plasma populations are Maxwellian (collisional) 

•  Quantification is based around the Alfven speed ​𝑉↓𝐴 = ​𝐵/√⁠​𝜇↓0 𝜌   (more 
later) 



Fluid equation #1: continuity equation 

​𝜕𝜌/𝜕𝑡 =−𝛻∙(𝜌𝒖) 
 
​𝜕𝜌/𝜕𝑡 =−𝜌𝛻∙𝒖−𝒖∙𝛻𝜌 


(​𝜕/𝜕𝑡 +𝒖∙𝛻)𝜌=−𝜌𝛻∙𝒖 


​𝐷𝜌/𝐷𝑡 =−𝜌𝛻∙𝒖 
 


 
 
𝜌= ​𝑛↓𝑒 ​𝑚↓𝑒 +​𝑛↓𝑖 ​𝑚↓𝑖  
 
Comment: if plasma is incompressible, div(u) = 0. 



Fluid equation #2: momentum equation 

       ma = F 


𝜌​𝐷𝒖/𝐷𝑡 =−𝛻𝑃+𝑱×𝑩 

    
Right hand side is force/volume 
 

  Since   𝑱= ​1/​𝜇↓0  𝛻×𝑩 
 
𝜌​𝐷𝒖/𝐷𝑡 =−𝛻(𝑃+ ​​𝐵↑2 /2​𝜇↓0  )+ ​(𝑩∙𝛻)𝑩/​𝜇↓0   
 

 Thermal pressure, magnetic pressure, and magnetic tension 
 
 

The plasma beta is the ratio of magnetic to plasma pressure 



Fluid equation #3: energy equation 

​𝐷/𝐷𝑡 (​𝑃/​𝜌↑𝛾  )=0 
 
•  Basically treat the plasma as adiabatic 

•  Energy equation can be considerably more complex – heat flow, 
radiation, joule heating… 

•  Can rewrite using continuity equation 
 
​𝐷𝑃/𝐷𝑡 =−𝛾𝑃𝛻∙𝒖 
 
 



Maxwell’s Equations 

​𝜕𝑩/𝜕𝑡 =−𝛻×𝑬 
 
​𝜇↓0  𝑱=𝛻×𝑩 ⇒   𝛻∙𝑱=0 
 
𝛻∙𝑩=0 
 
𝛻∙𝑬= ​​𝜌↓𝑞 /​𝜀↓0  =0 

     
Comments: MHD assumes quasi-neutrality so ρq = 0 
 
Because of quasineutrality, we can’t use Gauss’s law to describe the 
electric field – need another equation 
 
 



Ohm’s law 

•  Ohm’s law connects the electromagnetic properties with the fluid 
properties.  

𝑬=−𝒖×𝑩+ ​𝑱/𝜎  
 
•  This is the simplest form of Ohm’s law. 

•  The ratio of the two terms on the right hand side is the magnetic 
Reynolds number RM. 

​𝒖×𝑩/𝑱/𝜎 ~ ​𝑢𝐵𝜎/𝐵/ ​(𝜇↓0 𝐿) ~𝑢𝐿𝜎​𝜇↓0 = ​𝑅↓𝑀  
 
•  If RM >> 1, can neglect the second term, and we have ‘ideal MHD’  

•  RM >> 1 in many space plasmas 
 
 



Magnetic induction equation 

This describes the evolution of the magnetic field 
 
​𝜕𝑩/𝜕𝑡 =𝛻×(𝑽×𝑩)+ ​1/​𝜇↓0 𝜎 ​𝛻↑2 𝑩 
 
 

   Convection  Diffusion 
 
RM = convection/diffusion 
 
If RM >> 1, there is no diffusion of the magnetic field through the plasma 
 
If RM << 1, the magnetic field diffuses rapidly. 



Flux freezing in ideal plasmas 

(1) Fluid elements which lie initially 
on a field line remain on the same 
field line in a perfectly conducting 
fluid 
 
(2) The magnetic flux through a 
surface bounded by a closed 
contour moving in a perfectly 
conducting fluid is constant. 

•  If the plasma expands, the field strength drops (visualised as a spreading 
out of the field lines). 

•  If the plasma moves transverse to the field its connection to other parts of 
the plasma via the magnetic field is unchanged.  



Frozen in flux 
In most regions of astrophysical plasma, magnetic diffusivity is low/ 
‘infinite’ conductivity 

•  The magnetic field is said to be “frozen in” 

 
This means: 

•  As the plasma evolves, it looks like the magnetic field lines are moving with the plasma 
•  If the plasma is compressed, the field lines move together and the field strength 

increases 
•  If the field lines bend, they exert a restoring force on the plasma 

 
You can ascribe ‘identity’ to the magnetic field lines 
 
Warning: the frozen in flux theorem is one of the most useful and 
misunderstood theories in plasma physics 
 
Derivation – any plasma textbook, but see Dendy, 1900 



Jim Dungey,  J. Geophys. Res., 99, 19189, 1994 

“The most attractive feature of MHD is the familiar ‘frozen field’ theorem. 

To any mathematician struggling with partial differential equations, this 

must seem like finding a priceless jewel, and it must be even more 

priceless to those who prefer pictures to equations.” 



The Parker spiral (Parker, Astrophys.J., 128, 664, 1958) 

• Magnetic field frozen into 
plasma 

• Solar rotation combined 
with radial solar wind 
expansion produces 
wound magnetic field 

• Can trace the Parker 
spiral using plasma radio 
emissions. 



The Magnetopause 

Different regions of plasma cannot 
interpenetrate  

• The magnetopause separates solar 
wind and magnetosphere 

• Solar wind ram pressure balances 
magnetospheric magnetic field 
pressure (low beta) 
 
• Consequence: the Earth’s magnetic 
field carves a bubble in the solar 
wind 



Other planets have magnetospheres 



Concluding thoughts 

•  MHD is useful!! 
•  It contains many important concepts 
•  Things that occur in MHD often occur in real plasmas (in modified form) 
•  e.g. waves exist, but they may be damped. 

•  It provides important insight into the behaviour of real space plasmas 

•  Because MHD is often tractable, it is used even when it is not strictly 
appropriate to do so 

•  e.g. global simulations of the solar wind – magnetosphere interaction 

•  It does not explain many important phenomena 
•  Wave particle interactions 
•  Non thermal particles 
•  Etc. 



Part 4: Waves and magnetic reconnection 



Alfvén waves 

•  Magnetic field lines behave as if they have a tension: Recall: 

𝜌​𝐷𝒖/𝐷𝑡 =−𝛻(𝑃+ ​​𝐵↑2 /2​𝜇↓0  )+ ​(𝑩∙𝛻)𝑩/​𝜇↓0   
 

 Thermal pressure, magnetic pressure, and magnetic tension 
 
•  Consider a massive string, tension T, and mass density/unit length ρ0: 



Alfvén waves 

•  If you shake the string, a wave will propagate, with speed v 
𝑣=√⁠​𝑇/​𝜌↓0    
 
•  By analogy, if the magnetic field tension is 
𝑇= ​​𝐵↑2 /​𝜇↓0   
 
•  And the mass density is ρ0 then  
​𝑉↓𝐴 =√⁠​​𝐵↑2 /​​𝜇↓0 𝜌↓0    
 
•  This magnetic tension wave is known as an Alfvén wave. 
 



Nobel prize: ' 

Citiation includes ‘…In particular, Alfvén discovered the existence of 
hitherto unsuspected magneto-hydrodynamical waves, the so-called 
Alfvén waves….’ 
 



Derivation 

We need four of the ideal MHD equations (cold plasma, P = 0) 


​𝐷𝜌/𝐷𝑡 =−𝜌𝛻∙𝒖 


𝜌​𝐷𝒖/𝐷𝑡 =−𝛻(𝑃+ ​​𝐵↑2 /2​𝜇↓0  )+ ​(𝑩∙𝛻)𝑩/​𝜇↓0   
 
​𝐷𝑃/𝐷𝑡 =−𝛾𝑃𝛻∙𝒖 
 
​𝜕𝑩/𝜕𝑡 =𝛻×(𝑽×𝑩)+ ​1/​𝜇↓0 𝜎 ​𝛻↑2 𝑩 
 



Derivation 

Firstly, assume small perturbations X = X0 + X1 
 
Secondly, examine properties of plane waves 
 
𝑋=𝑋𝑒𝑥𝑝(𝑖(𝒌∙𝒓−𝜔𝑡)) 
 
This means that you can replace derivatives with: 
 
​𝜕/𝜕𝑡 →−𝑖𝜔 
 
𝛻→𝑖𝒌 



Linearised equations with plane wave solution 

​𝜌↓1 + ​𝜌↓0 𝒌∙ ​𝒖↓1 =0 


−𝜔​​𝜌↓0 𝒖↓1 =−𝒌(​​𝑩↓𝟎 ∙ ​𝑩↓𝟏 /​𝜇↓0  )+(​𝒌∙ ​𝑩↓𝟎 /​𝜇↓0  )​𝑩↓𝟏  
 
−𝜔​𝑩↓1 =𝒌×(​𝒖↓1 × ​𝑩↓0 ) 
 

Two solutions: one is k·u1 = 0  
 
It can be shown that B0·B1 = 0, and so with some work.. 
 
−𝜔​​𝜌↓0 𝒖↓1 =(​𝒌∙ ​𝑩↓𝟎 /​𝜇↓0  )​𝑩↓𝟏  
 
−𝜔​𝑩↓1 =(𝒌∙ ​𝑩↓𝟎 ) ​𝒖↓𝟏  
 
 
 
 



Dispersion relation 

​𝜔↑2 − ​​(𝒌∙ ​𝑩↓𝟎↑ )↑2 /​𝜇↓0 ​𝜌↓0  =0 


​𝜔↑2 = ​(𝒌∙ ​𝑽↓𝑨↑ )↑2  
 
We have derived the dispersion relation of Alfvén waves in a cold ideal 
MHD plasma 
 
Properties 
•  Incompressible 
•  Propagates along the field 
•  Driven by magnetic tension 
•  Perturbation is perpendicular to B0. 
•  Phase speed = group speed = VA. 



Alfvenic fluctuations in the solar wind 

Gosling et al., Ap J., 695, L213, 1999 



Magnetosonic waves 

•  Like ordinary sound waves, but have to account for the fact that there is 
both magnetic pressure and thermal pressure 

𝜌​𝐷𝒖/𝐷𝑡 =−𝛻(𝑃+ ​​𝐵↑2 /2​𝜇↓0  )+ ​(𝑩∙𝛻)𝑩/​𝜇↓0   
 

 Thermal pressure, magnetic pressure, and magnetic tension 
 
Sound waves: 
𝑣=√⁠​𝛾𝑃/𝜌   
Magnetosonic waves:  
𝑣=√⁠​𝛾𝑃/𝜌 + ​​𝐵↑2 /𝜌​𝜇↓0   =√⁠​( ​𝐶↓𝑆 )↑2 + ​( ​𝑉↓𝐴 )↑2   



Warm single fluid MHD 

•  Wave properties found in same way as for cold MHD 
•  Don’t neglect plasma pressure 
•  Linearize waves 
•  Apply plane wave solution 
•  Derive dispersion relationship 

•  Intermediate wave = shear Alfvén wave 
•  Fast magnetosonic mode (thermal + magnetic pressure in phase) 
•  Slow magnetosonic mode (thermal + magnetic pressure out of phase) 
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Wave propagation properties 

•  Wave propagation is not isotropic 
•  Intermediate always propagates at the Alfven speed along the field 
•  Only the fast mode propagates perpendicular to the field 
•  Group velocity is not the same as phase velocity (speed or direction) 



Magnetic reconnection a fundamental plasma process 

In most regions of astrophysical plasma, 
magnetic diffusivity is low 

•  magnetic field is “frozen in” 

Different regions of plasma cannot 
interpenetrate  

•  boundary layers form 
•  magnetic energy can be stored 

Magnetic Reconnection may occur within 
the boundary layer 

•  Energy released 
•  Changed topology 
•  Particle acceleration 

The central diffusion region plays a 
crucial role, because this is where the 
plasma demagnetises. 



Computer simulation of magnetic reconnection 

Simulation of magnetic reconnection (M Shay University of Delaware) 



The open magnetosphere 



The open magnetosphere – Dungey, 1961 





Summary 

•  Key concepts 

•  Single particle motion 

•  Magnetohydrodynamics 

•  Waves and magnetic reconnection  

BUT there are many things we haven’t discussed!!  


