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Outline	  
•  MHD:	  equa/ons,	  Ohm’s	  law.	  Why	  MHD?	  
•  Sweet-‐Parker,	  Petschek	  reconnec/on	  
•  Kine/c	  Ohm’s	  law	  
•  iPIC-‐MHD:	  Sweet-‐Parker,	  Petschek	  
reconnec/on	  simula/ons	  

•  Visualiza/ons	  using	  Paraview	  
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MHD	  equa/ons,	  Ohm’s	  law	  and	  
frozen-‐in	  constraint	  
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MHD	  equa/ons	  (1)	  
The	  system	  of	  non-‐ideal	  MHD	  equa/ons	  is	  wriYen	  in	  
conserva/ve	  form	  in	  Cartesian	  coordinates	  
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MHD	  equa/ons	  (2)	  
•  Con/nuity,	  momentum,	  internal	  energy	  equa/ons	  are	  
truncated	  moments	  of	  Boltzmann	  equa/on	  (textbooks).	  

•  For	  MHD	  descrip/on	  to	  be	  valid,	  size,	  dura/on,	  magne/c	  
field	  strength	  should	  be	  large	  enough	  to	  average	  out	  
microscopic	  phenomena:	  LMHD	  >>	  ρi,	  τ>>Ωi

-‐1	  
•  MHD	  descrip/on	  is	  ques/onable	  if	  applied	  to	  
collisionless	  systems	  (solar	  wind,	  magnetosphere),	  since	  
non-‐Maxwellian	  d.f.	  are	  generated	  easily.	  	  

•  If	  formally	  collisional	  resis/vity	  η~0,	  then	  anomalous	  η	  	  
(e.g.	  η~jα)	  resis/vity	  can	  approximate	  the	  dynamics.	  
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Interpreta-on	  of	  
results	  is	  needed!	  



Models	  of	  magne/c	  reconnec/on	  
•  Fluid	  classics:	  Sweet-‐Parker,	  Petschek	  (steady/
nonsteady),	  annihila/on	  

•  Other	  fluid	  models:	  Priest,	  Forbes,	  etc.	  
•  Beyond	  MHD:	  Hall	  magne/c	  reconnec/on	  

•  3D	  null-‐point	  reconnec/on	  
•  Mul/fluid	  models,	  Full	  kine/c	  models	  (mostly	  
simula/on-‐based)	  

•  Onset	  (tearing)	  problem:	  how	  to	  start	  
reconnec/on	  in	  a	  quiet	  force-‐balance	  current	  
layer?	  

(SP:	  Solar	  corona,	  Petschek:	  solar	  wind)	  

(magnetopause,	  magnetotail)	  

✔	  
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Ohm’s	  law	  
	  

•  Why	  need	  resis/vity/diffusion?	  
If 	   	   	   	   	  everywhere,	  then	  E=-‐[VxB]=0	  in	  the	  
stagna/on	  point,	  no	  flow	  across	  the	  diffusion	  region.	  

•  Diffusive	  term	  (~ηJ)	  allows	  magne/c	  field	  lines	  to	  slip	  
through	  the	  DR	  

•  In	  collisionless	  plasmas,	  current	  layer	  size	  is	  
comparable	  to	  ion	  gyroradius	  or	  ion	  skin	  depth,	  full	  
kine/c	  Ohm’s	  law	  is	  required	  (see	  iPIC-‐kine/c	  
lectures)	  

	  
	  

E+[v×B]= 0

30 KINETIC SIMULATIONS OF MAGNETIC RECONNECTION: A REVIEW

2.3 Kinetic Ohm’s law

Magnetic reconnection depends crucially on a particular mechanism of the
frozen-in condition violation.

If the average mean free path of a particle is larger than the size of the system,
the plasma is collisionless and Spitzer resistivity (Spitzer 1962; Miyamoto and
Dewar 1980) can be neglected. The plasma is nearly a perfect conductor and
magnetic flux is frozen into plasma (see e.g. Vasyliunas 1975):

E +
1

c
v×B = 0 (2.17)

Strictly speaking, the equation (2.17) holds for a superconducting fluid only
(Vasyliunas 1975). In plasmas, electromagnetic fields and plasma parameters
are related via the full Ohm’s law, that can be obtained trivially by taking the
velocity moment of Vlasov equation.
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Here s denotes plasma species (electrons, ions). Considering protons and
electrons as the main plasma species with mi $ me, qi = −qe = e, the
equations (1.22), (1.23) are cast in the conventional Ohm’s law form (Vasyliunas
1975):
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Right hand side (RHS) terms of equation (2.19) are usually called ‘dissipative’
(Hesse et al. 1999). The terms are referred to as: resistive (ηJ), Hall (J ×B),
pressure (∇ · Pe) and electron inertial dJ/dt terms. Next we will figure out,
when the ideal MHD eq. (2.17) breaks down and the RHS is important. The
terms are compared by order of magnitude scaling, with more strict analysis
provided elsewhere (e.g. Vasyliunas 1975).

Let B0 and n0 be a reference magnetic field and plasma density, respectively.
In application to magnetic reconnection problem the magnetic field B0 is the
reconnecting component strength. A reference velocity (Alfvén velocity) is
VA = B0/

√
4πnmi, length is di = c/ωpi and time scale is Ω−1

ci = mci/eB0. A
gradient scale is denoted by L. Keeping these scales in mind, the current is
estimated as J ∼ cB0/(4πL) and the Alfvén electric field is EA = VAB0/c. All
the terms of eq. (2.19) have the dimension of electric field and are normalized
to EA to give:
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Frozen-‐in	  flux	  constraint	  (1)	  
•  Boltzmann	  equa/on:	  

Force:	  	  

•  Moments	  of	  the	  Boltzmann	  equa/on:	  fluid	  equa/ons	  

•  Ohm’s	  law:	  equa/ons	  for	  ions,	  electrons	  combined:	  
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Frozen-‐in	  flux	  constraint	  (2)	  
•  Ohm’s	  law:	  equa/ons	  for	  ions,	  electrons	  combined:	  

•  When	  the	  RHS	  terms	  are	  important?	  
•  Pressure	  divergence	  	  	  	  	  	  	  	  	  :	  typical	  scale	  	  

•  Electron	  iner/a	  	  	  	  	  	  	  :	  typical	  scale	  	  

•  Hall	  term	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  scale:	  	  

•  Collisional	  effects:	  	  

•  Microturbulence:	  
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Ideal	  MHD	  Ohm’s	  law:	  neglect	  RHS	  

	  

E+ 1
c
V×B = 0

1)  Magne/c	  field	  lines	  are	  convected	  
with	  the	  flow	  

2)  Flux	  tubes	  are	  m.f.l.	  “loaded”	  with	  
plasma	  

3)  Regions	  having	  high	  gradients	  of	  j,	  v,	  
ρ	  can	  form	  spontaneously:	  

Thin	  current	  sheets	  displays	  more	  dynamics,	  than	  the	  global	  
convec>ve	  flow.	  	  

Courtesy	  Schrijver	  and	  Siscoe	  (2009)	  

Frozen-‐in	  flux	  constraint	  (3)	  

B	  
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Maxwellian,	  isotropic:	  
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Sweet,	  Parker,	  Petschek	  and	  others	  
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Sweet-‐Parker	  model	  

[R.	  Fitzpatrick]	  

B*
2

2µ0

•  2D,	  d/dt=0,	  an/parallel	  B,	  plasma	  is	  squeezed	  by	  B2/2	  
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BASIC MHD MODELS OF MAGNETIC RECONNECTION 23

Figure 2.1 – a) Magnetic field lines, Sweet-Parker model. Inflow
parameters: Bx, Vy, outflow parameters: By , Vx. Plasma flows into
the diffusion region having length L and width l. b) Petschek model.
Separatrices (straight thick lines) are attached to the localized
diffusion region (shaded). Plasma parameters (B, V) jump across
the separatrices.

The x̂ axis is directed parallel to the reconnecting magnetic field (Bx). The
ŷ axis is perpendicular to the current layer. The length and width of the
resistive layer are L and l, respectively. Inflow parameters (Vy, Bx) are defined
at the upper and lower edges of the diffusion region, whereas the outflow
parameters (Vx, By) are defined at the left and right edges. The model
assumes stationarity. The electric field direction and magnitude are uniform
throughout the reconnection region, therefore we can use only a magnitude
of the specific quantities for the sake of simplicity. That is, actual plasma
velocity at the top/bottom adges is −Vy and Vy, respectively. Magnetic field
at the top/bottom edges is Bx and −Bx respectively. However, the actual sign
of Ez is not important for the scaling analysis, hence we simply equate the
magnitudes Ez = BxVy. The same applies to the left and right edges, where
the equation Ez = ByVx can be used.

The conservation law (2.1) provides:

Vxl = VyL (2.7)

Electric field is uniform in the case of two dimensional quasistationary process.
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x	  

jz = Bx / l

Ez =ηBx / l

| Ez |=VxBy =VyBx

vy =η / l

24 KINETIC SIMULATIONS OF MAGNETIC RECONNECTION: A REVIEW

Therefore, convective electric field at the layer edges should be equal to the
diffusive contribution (ηj). Electric current flows in the ẑ direction and is
estimated as

jz =
c

4π

Bx
l
,

hence

Ez = VxBy = VyBx = η
c2Bx
4πl
,

and

Vy = η
c2

4πl
, (2.8)

The force balance along the x̂ direction determines the outflow velocity Vx.
From ∇ ·B = 0 we obtain

Bx
L

=
By
l
. (2.9)

Lorentz force is approximately

1

c
(j×B)x ∼

1

4π

Bx
l
By (2.10)

The force accelerates the plasma, which is initially at rest near the stagnation
point:

#(V ·∇)Vx ∼ #
V 2
x

L
∼

1

4π

Bx
l
By, (2.11)

and using the equation (2.9) we get the outflow velocity of accelerated plasma:

Vx =
Bx√
4π#

≡ VA, (2.12)

which is the Alfvén velocity. Combining the equations (2.7), (2.8), (2.12) one
obtains

V 2
y =

ηc2Vx
4πL

=
ηc2

4πL
VA (2.13)

Magnetic reconnection rate εR is usually defined as a ratio of inflow velocity
to the external Alfvén velocity Vy/VA (Vasyliunas 1975; Priest and Forbes
2000), or reconnection electric field Ez and external Alfvén electric field Ez/EA
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Sweet-‐Parker	  model:	  summary	  
•  Ouslow	  velocity:	  Vx~VA	  

•  Reconnec/on	  rate	  ε	  is	  usually	  defined	  as	  a	  ra/o	  
of	  inflow	  velocity	  Vy	  to	  Alfven	  velocity	  VA	  	  

•  Lundquist	  number,	  S=LVA/η	  
•  Reconnec/on	  rate	  is	  ε=S-‐1/2,	  which	  makes	  the	  
current	  layer	  thin	  and	  long	  in	  nearly	  collisionless	  
environment.	  E.	  g.,	  in	  solar	  flares	  S~108,	  VA~100	  
km/s,	  L~104	  km,	  /me	  scale	  ~	  tens	  of	  days.	  	  

•  In	  reality,	  1m…1h.	  Need	  faster	  mechanism!	  
•  Sweet-‐Parker	  scaling	  analysis	  is	  a	  common	  ansatz	  
for	  diffusion	  region	  study	  in	  kine/c	  reconnec/on	  
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Petschek’s	  steady	  model:	  waves	  
•  Assuming	  that	  the	  diffusion	  region	  (DR)	  size	  L	  <<	  the	  system	  size,	  DR	  

can	  be	  viewed	  as	  an	  obstacle	  in	  the	  flow,	  which	  launces	  waves	  

August	  7	  2015	  -‐	  Nordita	  



Petschek’s	  steady	  model	  
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Shocks: detailed view

Before 
shock

After 
shock

B
v

P
v

Bτ~By

Bn~-Bx

vτ~vy

vn~-vx

τ
n

Bn conserves 
across the 
shock 

Shift to dHT
frame (see next 
slide)

•  2D	  MHD	  simula/on	  with	  localized	  resis/vity	  



Petschek’s	  steady	  model	  
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Slow shocks

 We use de Hoffman-Teller frame in 
which the shock is stationary 
(Kivelson, Russel, p.157) and v||B, 
what simplifies greatly the study of 
shock properties

 Here vu, Bu correspond to inflow 
region (upstream). Note that vHT is 
parallel to τ thus the shock moves 
‘parallel  to  itself’.  Motional  electric  field  
E=- v’xB=0, rendering v’||B

HTHT ',)( vvv
Bn
Bvnv 





u

uu

Before 
shock

After 
shock

τ

n

Before shock
(inflow, 

upstream)

After shock
(outflow,

dowstream)

Bτ, vτ reduces in downstream
{Bn}~0,{vn}~0

Clear slow shock features
(see Kivelson, Russel, p.142)

•  2D	  MHD	  simula/on	  with	  localized	  resis/vity	  



Petschek’s	  steady	  model	  
•  Energy	  conversion	  occurs	  on	  slow-‐mode	  
shocks	  aYached	  to	  diffusion	  region	  

•  B	  field	  drops,	  plasma	  velocity	  jumps	  across	  the	  
shock	  

BASIC MHD MODELS OF MAGNETIC RECONNECTION 23

Figure 2.1 – a) Magnetic field lines, Sweet-Parker model. Inflow
parameters: Bx, Vy, outflow parameters: By , Vx. Plasma flows into
the diffusion region having length L and width l. b) Petschek model.
Separatrices (straight thick lines) are attached to the localized
diffusion region (shaded). Plasma parameters (B, V) jump across
the separatrices.

The x̂ axis is directed parallel to the reconnecting magnetic field (Bx). The
ŷ axis is perpendicular to the current layer. The length and width of the
resistive layer are L and l, respectively. Inflow parameters (Vy, Bx) are defined
at the upper and lower edges of the diffusion region, whereas the outflow
parameters (Vx, By) are defined at the left and right edges. The model
assumes stationarity. The electric field direction and magnitude are uniform
throughout the reconnection region, therefore we can use only a magnitude
of the specific quantities for the sake of simplicity. That is, actual plasma
velocity at the top/bottom adges is −Vy and Vy, respectively. Magnetic field
at the top/bottom edges is Bx and −Bx respectively. However, the actual sign
of Ez is not important for the scaling analysis, hence we simply equate the
magnitudes Ez = BxVy. The same applies to the left and right edges, where
the equation Ez = ByVx can be used.

The conservation law (2.1) provides:

Vxl = VyL (2.7)

Electric field is uniform in the case of two dimensional quasistationary process.
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Petschek	  model:	  summary	  	  
•  Ouslow	  velocity:	  Vx~VA	  

•  Reconnec/on	  rate	  ε=π/(8	  ln	  S)	  is	  0.01…0.1	  for	  
various	  heliospheric	  parameters	  

•  The	  model	  needs	  a	  diffusion	  region	  (Sweet-‐
Parker-‐like),	  which	  can	  be	  provided	  by	  kine/c	  
physics.	  
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Petschek	  model	  extensions:	  /me	  
•  Unsteady	  case:	  supposing	  a	  brief	  pulse	  of	  E(rec)	  
•  Curved	  jet	  fronts,	  bounded	  by	  slow	  mode	  
shocks	  

	  Shape:	  
Y	  ≈⏐X⏐E(REC)	  (t	  -‐	  x	  /VA0)	  /(B0	  VA0)	  

Fields:	  
Ez	  (x,t)	  	  ≈	  	  E(REC)	  (t	  -‐	  x/VA0)	  	  
By	  	  ≈	  E(REC)	  (t	  -‐	  x/VA0)/VA0;	  Bx	  ≈	  0	  
	  	  ⏐Vx⏐	  ≈	  VA0	  ;⏐Vz	  ⏐	  ≈	  0	  ;	  	  
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Petschek	  model	  extensions:	  asymmetry	  
•  Asymmetric	  reconnec/on	  needs	  more	  
rigorous	  computa/on	  of	  shock	  wave	  train	  

•  Electric	  field	  E(REC)	  introduces	  reconnected	  
magne/c	  field	  Bn	  which	  leads	  to	  decay	  
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TD

A S−

R− TD

C

Bn

0 0̃

S+

R+

S+ R+

Assume	  that	  the	  current	  layer	  is	  
a	  tangen/al	  discon/nuity,	  
infinitely	  thin	  at	  t=0	  

A:	  rota/onal	  discon/nuity,	  
S:	  slow	  shock	  wave,	  
C:	  contact	  discon/nuity	  



Petschek	  model	  extensions:	  asymmetry	  
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2D	  MHD,	  asymmetric	  
reconnec/on	  simula/on	  j = rotB

A − S − C − S − A
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Comparison	  with	  
theory	  	  

Smoothing	  due	  to	  	  
numerical	  resis/vity	  



iPIC-‐MHD:	  overview,	  	  
installa/on,	  run	  
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What	  are	  MHD	  Simula/ons	  ?	  
•  Solving	  numerically	  a	  set	  of	  MHD	  PDEs	  on	  a	  grid.	  
•  Variables	  are	  (/me/space)	  differenced/
discre/zed.	  	  

•  Space	  à	  Dx,	  Time	  à	  DT	  
•  U	  (/me)à	  Un	  (space)à	  Un

j	  

•  	  Discre/za/on	  introduces	  errors	  propor/onal	  to	  
Dx	  and	  Dt	  (Accuracy	  defines	  how	  big	  is	  this	  error)	  

•  	  If	  this	  error	  remains	  bounded	  in	  /me	  then	  the	  
scheme	  is	  stable,	  if	  it	  grows	  it	  is	  unstable.	  

•  If	  conserva/on	  laws	  are	  not	  sa/fied,	  some	  
spurious	  effect	  is	  introduced	  in	  the	  simula/on	  
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What	  are	  MHD	  simula/ons	  
•  These	  PDEs	  describe	  the	  evolu/on	  on	  /me	  of	  
a	  fluid	  (plasma)	  density,	  momentum	  and	  
energy	  and	  magne/c	  field.	  These	  equa/ons	  
are	  coupled.	  

•  These	  PDEs	  are	  hyperbolic	  in	  nature	  à	  waves	  
(local	  perturba/on	  moving	  at	  a	  certain	  
velocity)	  
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Variables	  
•  rho	  =	  mass	  density	  
•  rho	  v	  (in	  code	  p)	  =	  momentum	  density	  
•  e	  (in	  code	  U)	  =	  total	  energy	  density	  
•  p	  =	  pressure	  
•  gamma	  =	  polytropic	  index	  
•  eta	  =	  resis/vity	  
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Equa/ons	  
•  Conserva/on	  of	  mass	  
•  Conserva/on	  of	  momentum	  (3x)	  
•  Conserva/on	  of	  total	  energy	  
•  Equa/on	  of	  State	  (Closure)	  
•  Induc/on	  equa/on	  for	  the	  evolu/on	  of	  
magne/c	  field	  (3x)	  
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Equa/ons	  

The	  system	  of	  non-‐ideal	  MHD	  equa/ons	  are	  wriYen	  in	  
conserva/ve	  form	  in	  Cartesian	  coordinates	  

	  
	  

∂ρ
∂t
+∇⋅ (ρv) = 0

∂ρv
∂t

+∇⋅ (vρv−BB)+∇(p+ B
2

2
) = 0

∂e
∂t
+∇⋅ (ve+ v(p+ B

2

2
)−BB ⋅v) = Se

∂B
∂t
+∇⋅ (vB−Bv) = SB

e = p
γ −1

+
ρv2

2
+
B2

2
,

(∇⋅AB) j =
∂(AkB j )
∂xkk

∑

Diad	  product:	  
	  
	  
	  
	  
Sources:	  
	  
	  
	  
	  
Polytropic	  exponent	  γ=5/3	  
	  	  

JB η×=eS ,  
Jη×−∇=BS  

(∇⋅AB) j =
∂(AkB j )
∂xkk

∑



Conserva/ve	  form	  
•  The	  conserva/ve	  form	  is	  preferred	  because	  
the	  discre/za/on	  of	  governing	  equa/ons	  
provides	  beYer	  numerical	  proper/es	  

•  Since	  Rankine-‐Hugoniot	  condi/ons	  across	  
shocks	  express	  the	  con/nuity	  of	  the	  flux	  of	  
mass,	  momentum	  and	  energy,	  if	  one	  does	  not	  
explicitly	  conserve	  such	  quan//es,	  there	  is	  no	  
reason	  to	  obtain	  a	  physically	  acceptable	  speed	  
of	  propaga>on	  for	  shocks	  .	  
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Finite	  Volume	  Method	  
•  "Finite	  volume"	  refers	  to	  the	  small	  volume	  
surrounding	  each	  node	  point	  on	  a	  mesh	  

•  Volume	  integrals	  in	  a	  par/al	  differen/al	  
equa/on	  that	  contain	  a	  divergence	  term	  are	  
converted	  to	  surface	  integrals,	  using	  the	  
divergence	  theorem.	  	  

•  These	  terms	  are	  then	  evaluated	  as	  fluxes	  at	  
the	  surfaces	  of	  each	  finite	  volume.	  

Ut2
j dV

ΔV
∫ − Ut1

j dV
ΔV
∫

$

%
&

'

(
)  + (


Fx( j )


Fy( j )


Fz( j ) ) ⋅

ndS
S
∫

t1

t2

∫ dt   =

S j dV

ΔV
∫ dt

t1

t2

∫
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Explicit	  Discre/za/on	  in	  Time	  
•  We	  discre/ze	  explicitly	  in	  /me	  the	  set	  of	  
equa/ons	  	  dU/dt	  =	  S	  à	  (Un+1	  –	  Un)/DT	  =	  Sn	  

•  This	  might	  result	  in	  numerical	  stability	  issues	  
•  	  What	  about	  “implicit”	  ?	  
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CFL	  condi/on	  
•  CFL	  is	  a	  necessary	  condi/on	  for	  stability	  while	  
solving	  hyperbolic	  PDEs	  

•  	  It	  arises	  in	  the	  numerical	  analysis	  of	  explicit	  
/me	  integra/on	  schemes	  

• U	  DT/	  DX	  <	  1	  
•  In	  the	  code	  MHD-‐iPIC3D,	  DT	  is	  chosen	  to	  
sa/sfy	  the	  CFL	  condi/on	  à	  DT	  non	  constant	  in	  
/me	  but	  adjusted	  
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Time	  Discre/za/on	  -‐	  Strang	  Spli�ng	  

It	  divides	  ini/al	  mul/dimensional	  task	  	  into	  
following	  “system”:	  

	   ∂t
!
U+∂x

!
Fx +∂y

!
Fy +∂z

!
Fz =
!
S(
!
U)

∂t
!
U+∂x

!
Fx +∂y

!
Fy +∂z

!
Fz =
!
S(
!
U)

∂t
!
U+∂x

!
Fx =

1
3
!
S(
!
U) (2)

∂t
!
U+∂y

!
Fy =

1
3
!
S(
!
U) (3)

∂t
!
U+∂z

!
Fz =

1
3
!
S(
!
U), (4)

1)	  

If	  	  Lx	  is	  an	  operator	  that	  solves	  
discre/zed	  (2)	  for	  cell-‐averages	  
from	  t	  	  to	  t	  +	  Delta	  t	  ,	  Ly	  solve	  (3)	  
and	  Lz	  solve	  (4)	  then	  
mul/dimensional	  evolu/on	  of	  
original	  problem	  (1)	  is	  well	  
approximated	  by	  	  Un+1	  =	  LzLyLz	  Un	  

	  
In	  the	  code	  you	  will	  
see	  these	  Lx,	  Ly,	  Lz	  



Divergence	  Cleaning	  
•  div(B)	  =	  0	  not	  always	  sa/sfied	  in	  MHD	  codes.	  
•  A	  general	  way	  is	  to	  use	  divergence	  cleaning	  
method,	  e.g.	  projec/on	  method.	  

•  Solu/on	  of	  ellip/c	  Poisson	  equa/on	  of	  the	  
form	  
is	  required:	  we	  use	  Conjugate	  Gradient	  (CG)	  to	  
invert	  the	  sparse	  matrix.	  

•  Finally,	  the	  corrected	  magne/c	  field	  	  
•  	  In	  the	  MHD-‐iPIC3D	  code	  we	  do	  divergence	  
cleaning	  every	  10	  cycles	  

∇2φ =∇⋅B∗

B = B∗ −∇φ
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The	  MHD-‐iPIC3D	  code	  

•  C++	  code	  and	  serial	  
•  No	  libraries	  are	  needed.	  
•  This	  stripped	  out	  version	  of	  a	  full	  3D	  parallel	  
version	  of	  the	  MHD-‐iPIC3D	  code.	  

•  Today,	  2D	  simula/ons	  but	  the	  code	  is	  3D.	  
•  We	  use	  uniform	  grid.	  

August	  7	  2015	  -‐	  Nordita	  



So�ware	  Requirements	  

•  g++	  or	  any	  other	  c++	  compiler	  
•  If	  g++	  not	  available,	  we	  provide	  the	  results	  
from	  a	  previous	  simula/on.	  

•  Autotool	  make	  available.	  Otherwise	  
compila/on	  from	  command	  line	  possible.	  

•  Paraview	  so�ware	  for	  visualiza/on	  
•  (Eventually	  Visit	  program	  can	  subs/tute	  
Paraview)	  
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Input	  File	  (Sample)	  
#	  2D	  Reconnec/on	  Double-‐periodic	  configura/on	  
#	  Directories	  (should	  be	  without	  "/"	  at	  the	  end)	  
SaveDirName	  =	  results	  
RestartDirName	  =	  results	  
#	  Select	  the	  reconnec/on	  case	  
Case	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  PETSCHEK	  	  	  	  	  	  	  	  
#	  Magne/c	  field	  amplitudes.	  
B0x	  =	  1.0	  
B0y	  =	  0.0	  
B0z	  =	  0.0	  
#	  current	  sheet	  thickness	  
delta	  =	  0.5	  	  
#	  Time	  
dt	  =	  0.15	  	  	  	  	  	  	  	  #	  Ini/al	  Time	  step	  	  	  
ncycles	  =	  3001 	  	  #	  Number	  of	  cycles	  
#	  Simula/on	  Box	  dimensions	  
Lx	  =	  	  	  20.0	  	  	  	  	  	  	  	  	  	  #	  Lx	  =	  simula/on	  box	  length	  -‐	  x	  direc/on	  	  	  	  
Ly	  =	  	  	  20.0	  	  	  	  	  	  	  	  	  	  #	  Ly	  =	  simula/on	  box	  length	  -‐	  y	  direc/on	  	  	  
nxc	  =	  	  128	  	  	  	  	  	  	  	  	  	  	  #	  nxc	  =	  number	  of	  cells	  -‐	  x	  direc/on	  	  	  	  	  	  	  	  	  
nyc	  =	  	  128	  	  	  	  	  	  	  	  	  	  	  #	  nyc	  =	  number	  of	  cells	  -‐	  y	  direc/on	  
FieldOutputCycle	  =	  20	  
#	  Output	  for	  diagnos/cs	  
Diagnos/csOutputCycle	  =	  5	  
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Which	  Units	  the	  Code	  is	  Using	  ?	  
•  All	  variables	  are	  dimensionless	  and	  are	  
normalized	  as	  follows:	  	  
– density	  is	  normalized	  by	  the	  characteris/c	  current	  
sheet	  peak	  density	  ρ0	  

– magne/c	  field	  units	  are	  given	  by	  ambient	  
magne/c	  field	  B0.	  

– Veloci/es	  are	  normalized	  to	  the	  Alfven	  velocity	  
– coordinates	  are	  normalized	  by	  some	  characteris/c	  
length	  L0,	  
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Ini/al	  Configura/on:	  2	  current	  sheets	  

B	  

0	  

0	  

x	  

y	  

PERIODIC	  

PERIODIC	  

O
U
TF
LO

W
	  

O
U
TF
LO

W
	  



Ini/al	  Configura/on	  

0	  

0	  ¤

¢	  ✖	  J	  

J	  

Two	  opposite	  currents	  to	  sa/sfy	  Ampere’s	  law	  

+	  Force	  balance	  à	  ini/alize	  p	  



•  We	  perturb	  the	  magne/c	  field	  lines	  only	  on	  
the	  top	  current	  sheet	  layer	  

•  We	  add	  resis/vity	  (eta)	  only	  on	  the	  top	  
current	  sheet	  

Ini/al	  Configura/on	  

•  We	  want	  reconnec/on	  occurring	  only	  on	  the	  
top	  current	  layer	  
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Different	  Cases	  
•  2Cases:	  Petschek,	  Sweet-‐Parker	  
•  They	  different	  how	  resis/vity	  (eta)	  is	  
distributed:	  Petschek	  (localized	  diffusion	  
region	  à	  localized	  in	  the	  middle),	  Sweet-‐
Parker	  (extended	  diffusion	  region	  à	  uniform	  
resis/vity)	  

•  You	  can	  check	  put_resis/vity	  in	  fields/
EMFields3D.h	  
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Installa/on	  of	  iPIC3D	  
•  unzip	  MHD-‐iPIC3D.zip	  
•  cd	  MHD-‐iPIC3D	  
•  make	  

	  

•  Download	  paraview	  from	  
hYp://www.paraview.org/	  

n139-‐p162:MHD-‐iPIC3D	  markidis$	  make	  
g++	  	  -‐O2	  -‐c	  ./ConfigFile/src/ConfigFile.cpp	  
g++	  	  -‐O2	  -‐c	  ./fields/BCStructure.cpp	  
g++	  -‐O2	  -‐o	  	  MHD-‐iPIC3D	  \	  

	  MHD-‐iPIC3D.cpp	  ConfigFile.o	  BCStructure.o\	  
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Running	  iPIC3D-‐MHD	  code	  
•  Type	  “./MHD-‐iPIC3D	  inpusiles/Recon2D-‐
MHD-‐P	  

…	  
**************************************	  
Computa/onal	  cycle:	  1418	  
Simula/on	  /me:	  19.9381	  
Total	  Energy:	  9935.84	  
Magne/c	  Field	  Energy:	  3375.99	  
Kine/c	  Energy:	  61.828	  
************************	  
…	  
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Output	  

•  ConservedQuan//es.txt	  
…	  
cycle	  /me	  tot_en	  magne/c_en	  kine/c_en	  
…	  
VTK	  files	  in	  the	  results	  directory	  every	  20	  cycles	  
(from	  inpusile):	  B,	  rho,	  p,	  	  U	  and	  eta	  .	  
We	  visualize	  the	  VTK	  files	  using	  Paraview	  
	  
	   August	  7	  2015	  -‐	  Nordita	  



Exercise	  –	  Petschek	  Reconnec/on	  
•  Install	  MHD-‐iPIC3D	  code	  
•  Run	  it	  with	  inpusile	  Recon2D-‐MHD-‐P.inp	  
(inpusiles	  folder)	  

•  Check	  total	  energy	  (should	  it	  change	  it?	  Is	  
magne/c	  field	  energy	  decreasing?	  What	  about	  
kine/c	  energy?)	  
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Exercises	  (1):	  using	  Paraview	  
Paraview:	  visualize	  grids	  (n,	  B,	  V,	  etc.)	  



Exercises	  (1):	  Petschek	  
Paraview:	  visualize	  grids	  (n,	  B,	  V,	  etc.)	  



Exercises	  (1):	  Petschek	  
Paraview:	  visualize	  grids	  (n,	  B,	  V,	  etc.)	  
•  It	  is	  possible	  to	  load	  the	  array	  of	  grids	  to	  plot	  the	  
anima/on	  

•  You	  can	  load	  and	  plot	  grids	  from	  separate	  /me	  steps	  
(hit	  “Ok”,	  than	  “Apply”	  in	  “Pipeline	  Browser”	  panel)	  



Exercises	  (1):	  Petschek	  
•  Did	  you	  get	  this	  picture?	  



Exercises	  (1):	  Petschek	  
•  Applying	  a	  filter	  to	  visualize	  magne/c	  field	  lines	  
1)  Click	  on	  the	  file	  name	  in	  “Pipeline	  Browser”	  
2)  In	  the	  menu,	  select	  “Filters-‐>Common-‐>Stream	  Tracer	  
3)  Go	  to	  “Proper/es	  panel”	  
4)  Select	  “Seed	  type”:	  “High	  Resolu/on	  Line	  Source”	  
5)  Hit	  “X	  Axis”,put	  here	  the	  

value	  of	  (3Ly/4)-‐1,	  e.g.	  14	  
6)  Hit	  “Apply”	  
7)  In	  the	  menu,	  select	  	  

“Filters-‐>Alphabe/cal	  
-‐>Tube	  

8)  In	  “proper/es”,	  change	  this	  
into	  something	  smaller,	  than	  
“Apply”	  

	  



Exercises	  (1):	  Petschek	  
•  Did	  you	  get	  this	  picture?	  



Exercises	  (1):	  Petschek	  
Paraview:	  plot	  line	  



Exercises	  (1):	  Petschek	  

1)	  Click	  ‘X	  axis’,	  2)	  Type	  here	  the	  value	  of	  (Ly*3/4),	  	  4)	  Hit‘Apply’,	  4)	  double-‐click	  to	  change	  



Exercises	  (1):	  Petschek	  
•  Add	  more	  grids,	  you	  should	  get	  this	  (interpret	  
this	  figure).	  


