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Soteria 

•  First ever EC-FP7 
funded project on space 
weather 

•  Started 2008 
•  End this year 
•  Cordinator: G. Lapenta 

Swiff 
•  FP7 project on the 

space weather call 
•  To run till 2014 
•  Cordinator: G. Lapenta 

eHeroes 

•  FP7 project 
•  From the 2011 call 
•  Kick-off in Rome in 

March 2012 
•  To run till 2015 
•  Cordinator: G. Lapenta 
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Societal	
  Impact:	
  

Natural 
Phenomena 

Science 

Threats to 
communication 
infrastructure, 
GPS 

Technology in Space 

Threats to life 
and missions 

Humans in Space 

Pipelines 

Ground effects 

Power grid and 
communication 
lines 

Ground effects 

Relative 
importance of 
CO2 and solar 
drives 

Impact on Earth Climate 

Importance	
  of	
  Space	
  Weather	
  Simula.on	
  



Challenges	
  

Challenge of 
Space 

Weather 

Multiple scales Multiple 
physics 



Solar	
  Interior	
   Solar	
  
atmosphere	
  

Interplanetary	
  
space	
  

Earth	
  
Environment	
  

Space	
  weather:	
  Chain	
  of	
  events	
  



Mul.ple	
  scales	
  are	
  present	
  in	
  many	
  plasmas	
  



Mul.scale:	
  Example	
  of	
  scales	
  involved	
  

Overall	
  event	
  duraBon:	
  hours	
  to	
  days	
  

AU	
  =	
  150	
  million	
  Km	
  (1.49	
  108	
  km)	
  	
  

Solar	
  Radius	
  =	
  6.9	
  105	
  km	
  

Earth	
  Radius	
  =	
  6.4	
  103	
  km	
  

λe=100	
  m	
  

ρe=10	
  km	
  

100	
  km	
  

ρi=di=1000	
  km	
  

L=10000	
  km	
  

millions	
  km	
  

10-­‐5	
  s	
  

10-­‐4	
  s	
  

10-­‐3	
  s	
  

1	
  s	
  

1	
  m	
  

hours	
  

System	
  scales	
  

ion	
  scales	
  

electron	
  scales	
   KINETIC	
  

FLUID	
  



Magnetospheric	
  mul.scale	
  mission	
  



Mul.physics:	
  A	
  plasma	
  and	
  its	
  models	
  

	
  

KineBc	
  approach:	
  study	
  the	
  distribuBon	
  
funcBon	
  (probability	
  of	
  finding	
  a	
  
parBcle	
  with	
  a	
  given	
  velocity	
  in	
  a	
  
given	
  point	
  at	
  a	
  given	
  Bme):	
  	
  

	
  

	
  

	
  

	
  

Fluid	
  approach:	
  study	
  local	
  averages	
  
(density,	
  average	
  speed,	
  temperature,
….)	
  

	
  

€ 

xp,vp{ }

€ 

f (x,v,t)

€ 

n(x,t),U(x,t),T(x,t)



Different	
  physics	
  models	
  	
  at	
  different	
  scales	
  

Fluid 
models  

computation effort 
manageable even 

at large scales 

miss the small 
scale physics  

adjustable 
parameters reduce 
the predictive value 

Kinetic 
models 

first principles: 
include all physics, 
in particular what 

we do not yet 
understand  

surprisingly simple 
to conceive and 

implement in 
computers 

not economical at 
large scale λe=100	
  m	
  

ρe=10	
  km	
  

100	
  km	
  

ρi=di=1000	
  km	
  

L=10000	
  km	
  

millions	
  km	
  

10-­‐5	
  s	
  

10-­‐4	
  s	
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  s	
  

1	
  s	
  

1	
  m	
  

hours	
  

System	
  scales	
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  scales	
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  scales	
   KINETIC	
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TRACE	
  September	
  2005	
   LASCO	
  September	
  2002	
   IMAGE	
  July	
  2000	
  

magnetotail	
  

ionosphere	
  

magnetosphere	
  
polar	
  cusps	
  sun-­‐to-­‐earth	
  sun-­‐effect	
  

propaga.on	
  

interplanetary	
  
plasmas,	
  dust...	
  

solar	
  environment	
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Federa.on	
  of	
  Models	
  



SoMware-­‐based	
  federa.on	
  	
  

•  US	
  efforts:	
  CISM	
  amd	
  SWMF	
  
(see	
  Gombosi	
  –	
  next	
  talk)	
  

•  EU:	
  the	
  SSA	
  iniBaBve	
  
	
  

Toth	
  et	
  al.,	
  JGR,	
  110,	
  A12226	
  (2005)	
  	
  



Need	
  to	
  understand	
  coupling	
  	
  
before	
  plugging	
  two	
  codes	
  	
  



Understanding	
  coupling	
  first	
  

ResoluBon	
  in	
  space	
  and	
  Bme	
  	
  

Units,	
  geometric	
  representaBon	
  

ComputaBonal	
  complexity	
  

CompaBble	
  assumpBons,	
  
approximaBons,	
  physical	
  ingredients	
  

Level	
  of	
  staBsBcal	
  noise	
  

Coupling	
  across	
  interface	
  or	
  across	
  an	
  overlap	
  
domain	
  



CriBcal	
  points:	
  
reconnecBon,	
  shocks,	
  
need	
  mulBphysics	
  

approach	
  

Ionosphere-­‐
Magnetosphere:	
  

different	
  physics	
  and	
  
different	
  resoluBon	
  

Lessons:	
  cri.cal	
  points	
  to	
  address	
  



Federa.on	
  of	
  models:	
  	
  
a	
  common	
  problem	
  in	
  simula.on	
  

High	
  Level	
  Architecture	
  (HLA)	
  -­‐	
  IEEE/NATO	
  standards	
  

Claude	
  Archer	
  –	
  Belgian	
  Naval	
  Research	
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Unifica.on	
  approach:	
  the	
  moment	
  method	
  

KINETIC	
  

FLUID	
  

Moment	
  	
  
Method	
  

n = f dv!
J = vf dv!

Obtain fluid equations 

Adopt a 
closure 
relation 

Apply 
moment 
method 

Vlasov 
equation 



Moment	
  method:	
  From	
  theory	
  to	
  prac.ce	
  

KINETIC	
  

FLUID	
  

Moment	
  	
  
Method	
  

ng = S(xp ! xg )
p
"

Jg = upS(xp ! xg )
p
"

Continum 
Discrete 

n = f dv!
J = vf dv!

parBcles	
  

DiscreBsed	
  	
  
fluid	
  	
  
quanBBes	
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  Unifica.on	
  approach	
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Unifica.on:	
  The	
  core	
  mathema.cal	
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Macro:	
  Fields	
  and	
  
Fluids	
  

Micro:	
  ParBcles	
  
and	
  Fields	
  

MathemaBcal	
  and	
  
Sojware	
  

connecBon:	
  Implicit	
  
moment	
  method	
  



	
  
	
  
ρ,J	
  

Implicit	
  Moment	
  Method:	
  FLUID	
  to	
  KINETIC	
  

Fields
E,B	
  

	
  
Xp,vp	
  

Plasma:	
  
Electrons,	
  ions,	
  fields	
  

Fluids	
  	
  
(MACRO)	
  

ParBcles	
  
(MICRO)	
  

Maxwell	
   Newton	
  

Lagrange	
  

J.U.	
  Brackbill	
  et	
  al.,	
  JCP,	
  46,	
  	
  271,	
  1982;	
  	
  
G.	
  Lapenta,	
  et	
  al,	
  Phys.	
  Plasmas,	
  13,	
  
055904,	
  2006.	
  



T=0	
   T=Δt	
   T=2Δt	
  

OperaBons:	
  
1.  Solve	
  Newton	
  equaBons	
  in	
  previous	
  electromagneBc	
  fields	
  
2.  Solve	
  Maxwell	
  equaBons	
  with	
  previous	
  parBcle	
  posiBons	
  	
  	
  
	
  

EXPLICIT	
  

OperaBons:	
  
Over	
  each	
  Bme	
  step,	
  iteraBvely	
  solve	
  the	
  two	
  coupled	
  equaBons	
  

unBl	
  convergence	
  

IMPLICIT	
  

T=0	
   T=Δt	
  

Explicit	
  vs.	
  Implicit	
  



Explicit	
  stability	
  constraints	
  

1
/

<
Δ

Δ

smallest

fastest

x
t
λ

ω

Δx	
   Δt	
  

λe=100	
  m	
  

ρe=10	
  km	
  

100	
  km	
  

ρi=di=1000	
  km	
  

L=10000	
  km	
  

millions	
  km	
  

10-­‐5	
  s	
  

10-­‐3	
  s	
  

10-­‐2	
  s	
  

1	
  s	
  

1	
  m	
  

hours	
  

System	
  scales	
  

ion	
  scales	
  

electron	
  scales	
   KINETIC	
  

FLUID	
  

€ 

ω fastestΔt < 2

€ 

Δx < λsmallest

€ 

cΔt < Δx

Implicit	
  stability	
  constraints	
  

Advantages	
  of	
  the	
  Implicit	
  Approach	
  



Brackbill,	
  
Forslund	
  

(LANL)	
  

Implicit	
  Moment	
  Method	
  

Venus	
   Celeste	
   Parsek	
   iPIC	
  

80’s	
   90’s	
  -­‐	
  now	
   2005-­‐2008	
   2008-­‐now	
  

The	
  Voice	
  of	
  Space	
  	
  
(René	
  Magrioe)	
  

Several	
  Circles	
  
(Vasily	
  Kandinsky)	
  

Starry	
  Night	
  	
  
(Vincent	
  Van	
  Gogh)	
  

Venere	
  
(Sandro	
  Boqcelli)	
  

Brackbill,	
  
Lapenta,	
  	
  
(LANL)	
  

Markidis,	
  
Lapenta	
  

(LANL-­‐UIUC)	
  

Markidis,	
  
Lapenta	
  
(Leuven)	
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Scaling Study iPic3D on Pleiades

Ideal iPIC3D

Performances	
  of	
  iPIC3D	
  on	
  Pleiades	
  

SimulaTons	
  at	
  fixed	
  iniTal	
  load	
  per	
  core,	
  
done	
  increasing	
  the	
  system	
  size	
  at	
  

constant	
  resoluTon	
  	
  



Example:	
  simula.ons	
  for	
  the	
  MMS	
  mission	
  

n, Jy B = B0 tanh(y / L)x̂+Bgẑ

p = pb + p0sech
2(y / L)

! =
p

B2 / 8"
! !(z = 0) = pb + p0

Bg
2 / 8"

Y	
  

X	
  

Z	
  –	
  out	
  of	
  plane	
  
	
  



2D	
  runs	
  to	
  focus	
  on	
  current	
  aligned	
  modes	
  

Y-­‐Z	
  plane	
  

No initial perturbation, Bg=0	





Timing	
  considera.ons	
  for	
  3D	
  fully	
  kine.c	
  simula.ons	
  -­‐	
  
Implicit	
  vs	
  Explicit	
  

Explicit	
   Implicit	
   Gain	
  

Dx	
   λDe=100	
  m	
   de=10	
  Km	
   100	
  

Dy	
   λDe=100	
  m	
   de=10	
  Km	
   100	
  

Dz	
   λDe=100	
  m	
   de=10	
  Km	
   100	
  

Dt	
   ωpeΔt=0.1	
  
or	
  10-­‐5s	
  

ωpeΔt=100	
  
or	
  10-­‐3s	
  
	
  

1000	
  

Tot	
   109	
  

Δx	
   Δt	
  

λe=100	
  m	
  

ρe=10	
  km	
  

100	
  km	
  

ρi=di=1000	
  km	
  

L=10000	
  km	
  

millions	
  km	
  

10-­‐5	
  s	
  

10-­‐3	
  s	
  

10-­‐2	
  s	
  

1	
  s	
  

1	
  m	
  

hours	
  

System	
  scales	
  

ion	
  scales	
  

electron	
  scales	
   KINETIC	
  

FLUID	
  

An	
  implicit	
  run	
  
that	
  takes	
  1	
  day	
  
would	
  take:	
  
2,800,000	
  years	
  
with	
  an	
  explicit	
  
code	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



The	
  reconnec.on	
  jets	
  are	
  deflected	
  



Separatrix	
  regions	
  are	
  focus	
  of	
  instability	
  



Strong	
  electron	
  flows	
  cause	
  parallel	
  structures	
  



View	
  from	
  above	
  



Electron Phase Space Dynamics for Bipolar Fields  
      (Bg = 0.1B0)   

38 

E||(x,y)	
  

x	
  

v||	
  

11.5di0	
   15di0	
  

towards	
  
x-­‐pt	
  



But	
  there	
  is	
  another	
  instability	
  

Eperp	

 Je	





And	
  perpendicular	
  structures	
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Mul.Level	
  –	
  Mul.Domain	
  Approach	
  

Figure 2: Proposed Multi Level Multi Domain approach. The system is simu-
lated as a cloud of self-similar, partly overlapping domains all complete in fields
and particles. Particles are present at all levels, including the overlapping ar-
eas, and are sized according to the local grid size. Each level executes the same
operations for fields and particles and the exchange of information for the fields
is limited to the ”downwards” interpolation of the boundary conditions for the
refined levels from the coarser level fields (1) and the ”upwards” projection of
the refined fields from the refined to the coarser levels (2). Particles are regen-
erated at the boundaries of the refined grid with a splitting algorithm and are
lost when they exit the refined areas, thus eliminating the need of coalescence
operations.

now familiar magnetic reconnection scenario, with ions and electrons becoming
unmagnetized at different distances from the X-line: in an ideal world, an adap-
tive method should allow a Refinement Factor proportional to the square root
of the mass ratio in transitioning from the ion to the electron diffusion region.
Moreover, the concept presented is intrinsically simple and object oriented in
nature and as such the coding of the algorithms is by far easier than most AMR
codes based on trees or patches. The promise of simplicity is not just in the con-
ceptual ingredients but also in the operations, which are identically performed
on all levels, regardless of the level of grid refinement.

3.2. The Implicit Moment Particle In Cell method

Implicit methods have been considered for several decades [22, 23, 24, 25]
an answer to the problem of the large number of time steps and the high reso-
lution needed to run realistic problems with explicit particle methods. Here, an
Implicit Moment PIC approach is adopted in the implementation typical of the
family of codes started by Venus [26] and continued by Celeste [27], Parsek [28]
and iPic3D [29]. The aim is to bypass the stability constraints of the explicit
methods and allow more flexibility in the choice of the Refinement Factors.

12

M.E.	
  InnocenB	
  et	
  al.:	
  A	
  MulT	
  Level	
  MulT	
  
Domain	
  Method	
  for	
  ParTcle	
  In	
  Cell	
  Plasma	
  
SimulaTons,	
  Journal	
  of	
  Computa.onal	
  
Physics,	
  submiYed,	
  Dec.	
  2011,	
  
hop://arxiv.org/abs/1201.6208.	
  



Reference	
  case:	
  Earth	
  Environment	
  

Real	
  Earth	
  needs	
  
Box:	
  	
  

100	
  RE	
  	
  x	
  100	
  RE	
  x	
  100	
  RE	
  	
  
	
  

Max	
  load	
  per	
  processor:	
  
16x16x16	
  cells	
  
144	
  +	
  144	
  parBcles	
  per	
  

cell(electron	
  
populaBons)	
  

144	
  +144	
  parBcles	
  per	
  cell	
  
(ion	
  populaBons)	
  

	
  

Coupled	
  with	
  heliospheric	
  
models	
  and	
  
observaBons	
  

	
  
Example:	
  Mercury	
  (S.	
  Markidis	
  with	
  iPic3D)	
  



Earth	
  Environment	
  -­‐	
  State	
  of	
  the	
  Art	
  

Explicit	
  PIC	
  
•  ResoluBon	
  needed:	
  

electrostaBc	
  processes	
  at	
  
electron	
  scales:	
  100m	
  
(Debye	
  length)	
  

•  Cells	
  per	
  dimension:	
  
6,353,000	
  

•  Total	
  processors	
  needed:	
  
6.2600e+16	
  

•  63	
  million	
  billions	
  

Moment	
  Implicit	
  PIC	
  
•  ResoluBon	
  needed:	
  

electromagneBc	
  processes	
  at	
  
electron	
  scales:	
  10Km	
  	
  	
  	
  	
  
(inerBal	
  length)	
  

•  Cells	
  per	
  dimension:	
  	
  	
  	
  	
  	
  	
  	
  	
  
63,530	
  

•  Total	
  processors	
  needed:	
  
6.2600e+10	
  

•  63	
  billions	
  

	
  



Summary	
  of	
  the	
  current	
  state	
  of	
  affairs	
  for	
  the	
  Earth	
  

Implicit 
63 billion 

processors Still not feasible 

Explicit  
6.2600e+16 (63 
million billion)
processors 

Not feasible 
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hours	
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   KINETIC	
  

FLUID	
  



Resolu.on	
  needed	
  only	
  in	
  small	
  areas	
  

CCMC	
  –	
  NASA	
  (Lapenta)	
  



	
  Mul.Level	
  approach	
  



Beyond	
  the	
  State	
  of	
  the	
  Art:	
  	
  
Exascience	
  Lab	
  Earth	
  	
  Environment	
  Model	
  

Implicit - Multilevel 

2 million processors  Feasible at EXASCALE 

Implicit 

63 billion processors Still not feasible 

Explicit  
6.2600e+16 (63 million 

billion)processors Not feasible 
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Mul.Level	
  –	
  Mul.Domain	
  Approach	
  

Figure 2: Proposed Multi Level Multi Domain approach. The system is simu-
lated as a cloud of self-similar, partly overlapping domains all complete in fields
and particles. Particles are present at all levels, including the overlapping ar-
eas, and are sized according to the local grid size. Each level executes the same
operations for fields and particles and the exchange of information for the fields
is limited to the ”downwards” interpolation of the boundary conditions for the
refined levels from the coarser level fields (1) and the ”upwards” projection of
the refined fields from the refined to the coarser levels (2). Particles are regen-
erated at the boundaries of the refined grid with a splitting algorithm and are
lost when they exit the refined areas, thus eliminating the need of coalescence
operations.

now familiar magnetic reconnection scenario, with ions and electrons becoming
unmagnetized at different distances from the X-line: in an ideal world, an adap-
tive method should allow a Refinement Factor proportional to the square root
of the mass ratio in transitioning from the ion to the electron diffusion region.
Moreover, the concept presented is intrinsically simple and object oriented in
nature and as such the coding of the algorithms is by far easier than most AMR
codes based on trees or patches. The promise of simplicity is not just in the con-
ceptual ingredients but also in the operations, which are identically performed
on all levels, regardless of the level of grid refinement.

3.2. The Implicit Moment Particle In Cell method

Implicit methods have been considered for several decades [22, 23, 24, 25]
an answer to the problem of the large number of time steps and the high reso-
lution needed to run realistic problems with explicit particle methods. Here, an
Implicit Moment PIC approach is adopted in the implementation typical of the
family of codes started by Venus [26] and continued by Celeste [27], Parsek [28]
and iPic3D [29]. The aim is to bypass the stability constraints of the explicit
methods and allow more flexibility in the choice of the Refinement Factors.
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Figure 14: Current Jy evolution at 7 ≤ x/di ≤ 13 when a shock wave is excited
at the boundaries of the coarse domain. Panel (a) and (b) depict a reference
simulation with the resolution of the coarser and refined grid respectively, panel
(c) shows Jy,gl1 superimposed to Jy,gl0 in a Multi Level Multi Domain simulation
of shock propagation.
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4.3 Results 23

ter this time maximal current density obtained from the hybrid code starts to grow much
faster than those obtained from MHD models. Current density then reaches its maximum
at t ≈ 1.25tA in hybrid run and at t ≈ 1.5tA in MHD runs. Both MHD simulations give
comparable time evolution for runs with different initial velocity. Main difference is that
the coalescence instability excites later in simulations with smaller velociy ϕ0 = 10−4.

Figure 4.2 Snapshots of out-of-plane component of current density obtained for simulations
with ϕ0 = 10−3. Left column shows results at t = tA when MHD and hybrid runs still
exhibit similar value of maximal jz, see Figure 4.1. Right column shows results at t = 1.5tA
when current density obtained from MHD codes reaches its maximum. Results of AMRVAC
code, Stagger code and hybrid code are shown in top, middle and bottom row, respectively.
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