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*  Plasma physics on computer (General description) 
*  Kinetic Plasma Simulations for high energy particles 
*  How PIC works (cold plasma dispersion, plasma dispersion function) 
*  Electrostatic codes (grid quantities, beat heating) 
*  Finite-difference Time-Domain Maxwell solver on Yee grid  
*  Particle movers: Boris’s algorism 
*  Conservative charge deposition method 
*  Boundary conditions (particles and fields) 
*  Simulations for astrophysical plasmas 
*  Recent work 1: Weibel instability in relativistic jets (radiation, weighted beam) 
*  Recent work 2: Kinetic Kelvin-Helmholtz instability (particle acceleration) 
*  Run MPI-Tristan code for global jet 
*  Analyze the simulation result using NCARGraphic, VisIt and other tools 
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1.	
  Basic	
  Plasma	
  Physics	
  
  What	
  is	
  plasma?	
  

  Where	
  is	
  plasma	
  found?	
  

  What	
  consists	
  of	
  plasma?	
  

  How	
  do	
  particles	
  move	
  in	
  magnetic	
  field?	
  

  How	
  does	
  plasma	
  evolve	
  as	
  fluid?	
  

  What	
  is	
  plasma	
  instability?	
  

  What	
  we	
  need	
  to	
  know	
  about	
  plasma	
  to	
  understand	
  

	
  	
  	
  	
  radiation	
  from	
  moving	
  particles?	
  

  How	
  do	
  we	
  investigate	
  plasma	
  dynamics?	
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Three images (171A, 195A, and 284A) combined into one composite image 

Sunspots and activities  observed by SOHO 

play trico.mov  
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Solar wind-magnetosphere interaction: aurora 
Geospace: Solar wind with interstellar 
magnetic fields (IMFs) interacts with 
Earth magnetosphere and create  
complicated structures and evolution: 
one of  them is aurora  

play yellowknife-combined.mov  
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Relativistic jets 

3C111 (Radio galaxy, z=0.0485) 
observed by Very Long Baseline Array 

Black hole ejects  
relativistic jets 
play www-4.iaa.mp4 

play 3c111vec.mov 



High energy plasmas in astrophysics  

7/39 Pulsar Winds: Crab nebula 

Supernova Remnants: 
      Cassiopeia A 

Relativistic jets: M87 

Highly accelerated  
particles (electrons, 
positrons, and ions) 
are found in these 
astrophysical systems  

Particle acceleration 
occurs in shocks, 
reconnections, and  
other phenomena 

play combinedmovie.mov 



What	
  is	
  plasma?	
  
  Ionized	
  gas:	
  

	
  	
  	
  	
  	
  	
  	
  	
  e-­‐:	
  electrons,	
  e+:	
  positrons,	
  i+:	
  ions	
  (p+:	
  protons)	
  

  Dairy	
  examples:	
  Florescent	
  lamp	
  (partially	
  ionized)	
  

  Controlled	
  Fusion	
  device	
  (Tokamak,	
  Laser	
  Fusion,	
  etc)	
  

  Universe	
  is	
  consist	
  of	
  plasmas	
  (99%)	
  

	
  	
  	
  	
  	
  	
  	
  Active	
  Galactic	
  Nucleus	
  (AGN)	
  jets,	
  	
  

	
  	
  	
  	
  	
  	
  	
  Supernova	
  Remnants	
  (SNRs),	
  

	
  	
  	
  	
  	
  	
  	
  Gamma-­‐ray	
  burst	
  jets	
  

	
  	
  	
  	
  	
  	
  	
  Neutron	
  stars	
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Good	
  text	
  books	
  for	
  plasma	
  physics	
  
  Introduction	
  to	
  Plasma	
  Physics	
  and	
  Controlled	
  Fusion:	
  

	
  	
  	
  	
  	
  	
  	
  vol.	
  1	
  Plasma	
  Physics,	
  by	
  Frances	
  F.	
  Chen	
  

  Principles	
  of	
  Plasma	
  Physics,	
  

	
  	
  	
  	
  	
  	
  	
  by	
  N.	
  A.	
  Krall,	
  and	
  A.	
  W.	
  Trivelpiece	
  

  Plasma	
  Physics	
  for	
  Astrophysics,	
  

	
  	
  	
  	
  	
  	
  	
  by	
  Russell	
  M.	
  Kulsrud	
  	
  

  Plasma	
  Physics	
  Via	
  Computer	
  Simulation,	
  

	
  	
  	
  	
  	
  	
  	
  by	
  C.K.	
  Birdsall,	
  and	
  A.	
  B.	
  Langdon	
  

  Basic	
  Space	
  Plasma	
  Physics	
  and	
  Advanced	
  Space	
  Plasma	
  Physics	
  

	
  	
  	
  	
  	
  	
  	
  by	
  R.	
  A.	
  Treumann	
  and	
  W.	
  Baumjohann	
  

  many	
  other	
  good	
  text	
  books	
  for	
  instabilities,	
  waves	
  and	
  nonlinear	
  phenomena	
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Single	
  par>cle	
  mo>on	
  
Uniform	
  B	
  and	
  E	
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� 

m dv
dt

= q(E + v × B)

if E = 0 

 mvx = qBvy  mvy = −qBvx

 
vx =

qB
m
vy = −

qB
m

⎛
⎝⎜

⎞
⎠⎟
2

vx
 
vy = −

qB
m
vx = −

qB
m

⎛
⎝⎜

⎞
⎠⎟
2

vy

ω c =
q B
m

Cyclotron frequency Larmor radius  rL ≡
v⊥
ω c

=
mv⊥
q B

rL

ion 
electron 



If	
  E	
  ≠0	
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dvz
dt

=
q
m
Ez

z component 

vz =
qEz

m
t + vt0

transverse component 

 

dvy
dt

= 0 ω cvx

 vx = −ω c
2vx

 
vy = −ω c

2 (vy +
Ex

B
)

vx = v⊥e
iωct

vy = ±iv⊥e
iωct −

Ex

B

if   dv
dt

= 0

E + v × B = 0
 E × B = B × (v × B) = vB2 − B(viB)

v⊥ gc = E × B / B2 ≡ vE

E×B drift 



Nonuniform	
  B	
  field	
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∇B ⊥ B :Grad-B

Fy = −qvxBz (y) = −qv⊥ (cosω ct) B0 ± rJ (cosω ct)
δB
δy

⎡

⎣
⎢

⎤

⎦
⎥

 
Fy = qv⊥rL

1
2
(∂B
∂y
)

 
vgc =

1
q
F × B
B2

=
1
q
Fy
B
x =  v⊥rL

B
1
2
∂B
∂y
x v∇B =

1
2
v⊥rL

B × ∇B
B2



Summary	
  of	
  guiding	
  center	
  dri1s	
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General force F: vF =
1
q
F × B
B2

Electric field: vE =
E × B
B2

Gravitational field: vg =
m
q
g × B
B2

Nonuniform E :  vE = 1+ 1
4
rL
2∇2⎛

⎝⎜
⎞
⎠⎟
E × B
B2

Grad-B drift: v∇B = ±
1
2
v⊥rL

B × ∇B
B2

Curved vacuum field: 
 
vR + v∇B =

m
q

v
2 +
1
2
v⊥
2⎛

⎝⎜
⎞
⎠⎟
Rc × B
Rc
2B2

Polarization drift: v p = ±
1

ω cB
dE
dt



Concept	
  of	
  temperature	
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One-dimensional Maxwellian distribution  

f (u) = Aexp(− 1
2
mu2/KT )

K: Boltzman’s constant K = 1.38 ×10−23J/ °K

Density  n /m2 n = f (u)du
−∞

∞

∫

Eav =

1
2
mu2 f (u)du

−∞

∞

∫

f (u)du
−∞

∞

∫
vth = (2KT / m)

1/2 Eav =
1
4
mvth

2 =
1
2
KT

Three-dimensional Maxwell’s distribution 

f (u,v,w) = A3 exp[−
1
2
m(u2 + v2 + w2 )/KT ] A3 = n

m
2πKT

⎛
⎝⎜

⎞
⎠⎟
3/2

Eav =
3
2
KT

KT = 1eV=1.6 ×10−19J

1eV=11,600°K
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Debye shielding 

Poisson’s equation 

ε0∇
2φ = ε0

d 2φ
dx2

= −(ni − ne )

f (u) = Aexp −(1
2
mu2 + qφ)/KT⎡

⎣⎢
⎤
⎦⎥

Electron distribution function 

ni = n∞

ne = n∞ exp(eφ/KTe )

 

ε0
d 2φ
dx2

= en∞ exp eφ
KTe

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ −1

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
≈ en∞

eφ
KTe

+
1
2

eφ
KTe

⎛
⎝⎜

⎞
⎠⎟

2

+ i i i
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

ε0
d 2φ
dx2

=
n∞e

2

KTe
φ φ = φ0 exp(− x /λD)

λD =
ε0KTe
ne
2

⎛
⎝⎜

⎞
⎠⎟
1
2Debye length 



Maxwell	
  equa>ons	
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In a medium 

∇ × E = −
∂B
∂t

 ∇iD = σ D = εE

 ∇iB = 0

∇ ×H = j + ∂D
∂t

H = B/µ

Fluid equation of motion 

 
mn ∂u

∂t
+ (ui∇)u⎡

⎣⎢
⎤
⎦⎥
= qn(E + u × B) − ∇iP − mn(u − u0 )

τ



Complete	
  set	
  of	
  fluid	
  equa>ons	
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 ε0∇iE = σ = niqi + neqe

∇ × E = −
∂B
∂t

 ∇iB = 0

µ0
−1∇ × B = j + ε0

∂E
∂t

= niqiv i + neqeve + ε0
∂E
∂t

 
mjnj

∂v j

∂t
+ (v j i∇)v j

⎡
⎣⎢

⎤
⎦⎥
= qjnj (E+ v j ×B)−∇ iPj j = i,e



Plasma	
  oscilla>ons	
  (1-­‐dimensional)	
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Electron equations of motion and continuity 

 

∂ne
∂t

+∇i(neve ) = 0

 
mne

∂ve
∂t

+ (vei ∇)ve )
⎡
⎣⎢

⎤
⎦⎥
= −eneE

 ε0∇iE = ε0∂E/ ∂x = e(ni − ne )

ne = n0 + n1 ve = v0 + v1 E = E0 + E1

 
m ∂v1

∂t
+ (v1i ∇)v1

⎡
⎣⎢

⎤
⎦⎥
= −eE1

 

∂n1
∂t

+∇i(n0v1 + n1v1) =
∂n1
∂t

+ n0∇iv1 = 0

 ε0∇iE1 = ε0∂E1/ ∂x = −en1

Basic equations Linear analysis 



Plasma	
  oscilla>ons	
  (1-­‐dimensional)	
  
Assumed perturbations (sinusoildal) 

 v1 = v1e
i(kx−ω t )x


 E = E1e

i(kx−ω t )x
n1 = n1e

i(kx−ω t )

−iωn1 = −n0ikv1−imωv1 = −eE1 −ikε0E1 = −en1

−imωv1 = −e −e
ikε0

−n0ikv1
−iω

= i n0e
2

ε0ω
v1 ω 2 = n0e

2/ mε0

Plasma frequency fp =ω p/2π ≈ 9 n

 fp ≈ 9(10
18 )1/2 = 9 ×109 sec−1 = 9GHz  fce  28GHz/Tesla

n = 1018m−3 B ≈ 0.32T=0.32 ×104G (Gauss)

Linearlization of equations 

Eliminating   n1 and E1

ω p =
n0e

2

mε0

⎛
⎝⎜

⎞
⎠⎟

1/2

19 



Single-­‐fluid	
  equa>ons	
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Quasineutral plasma with singly charged ions  

ρ ≡ niM + nem ≈ n(M + m)

v ≡ 1
ρ
niMv i + nemve( ) ≈ Mv i + mve

M + m

j ≡ e niv i − neve( ) ≈ ne(v i − ve )

Mn ∂v i
∂t

= en(E + v i × B) − ∇pi + Mng + Pie

mn ∂ve
∂t

= −en(E + ve × B) − ∇pe + mng + Pei

Mmn ∂
∂t
(v i − ve ) = en(M + m)E + en(mv i − Mve ) × B − m∇pi + M∇pe − (M + m)Pei

p = pi + pe

σ = niqi + neqe



Single-­‐fluid	
  equa>ons	
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Mmn
e

∂
∂t

j
n

⎛
⎝⎜

⎞
⎠⎟
= eρE − (M + m)neηj − m∇pi + M∇pe + en(mv i + Mve ) × B

E + v × B = ηj + 1
en
(j × B − ∇pe )

mv i + Mve = Mv i + mve + M (ve − v i ) + m(v i − ve ) =
ρ
n
v − (M − m) j

ne

E + v × B −ηj = 1
eρ

Mmn
e

∂
∂t

j
n

⎛
⎝⎜

⎞
⎠⎟
+ (M − m)j × B + m∇pi − M∇pe

⎡
⎣⎢

⎤
⎦⎥

E + v × B = ηj + 1
en
(j × B − ∇pe )

Generalized Ohm’s law 

η =
m
ne2

νei =
e2

16πε0
2mv2

≈
πe2m1/2

(4πε0 )
2 (KTe )

3/3 lnΛ Λ = λD/r0



Set	
  of	
  MHD	
  equa>ons	
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ρ ∂v
∂t

= j × B − ∇p + ρgequation of motion 

E + v × B = ηj

 

∂ρ
∂t

+∇i(ρv) = 0

 

∂σ
∂t

+∇i j = 0

simplified Ohm’s law 

equation of continuity 

conservation of charge 



Kine>c	
  theory	
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For some phenomena fluid theory is inadequate 

f (x, y, z,vx ,vy ,vz ,t)dvxdvydvz

number of particles 

n(r,t) = d
−∞

∞

∫ vx d
−∞

∞

∫ vy d
−∞

∞

∫ vz f (r,v,t) = f
−∞

∞

∫ (r,v,t)d 3v = f
−∞

∞

∫ (r,v,t)dv

v = (vx
2 + vy

2 + vz
2 )1/2 vth = (2KT /m)

1/2

Vlasov equation 

 

∂ f
∂t

+ v i∇f + q
m
(E+ v ×B) i ∂ f

∂v
= 0

f (r,v,t) = n(r,t) f̂ (r,v,t) f̂m = (m /2πKT )3/2 exp(−v2/vth )

 

∂ f
∂t

+ v i∇f + q
m
(E+ v ×B) i ∂ f

∂v
= ∂ f

∂t
⎛
⎝⎜

⎞
⎠⎟ c

Fokker-Planck equation  



Summary	
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Plasma 
Kinetic picture Fluid picture       

Linear theory 

Nonlinear theory 

Particle-in-Cell simulations MHD simulations 

Particle motion 
acceleration 
radiation 

Global dynamics 
Plasma temperature 
 

Local microscopic phenomena  Global system 

Waves, instability 

Linear theory breaks down, saturation 


