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Wide range of applications to consider:

• Planetary magnetospheres 

• Solar applications

• Solar wind

• Laboratory fusion machines

• Astrophysical problems 
stellar flares
galactic magnetotails
accretion disks
pulsar winds
gamma-ray bursts
jets from AGN

}
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Hydrogen

Electron-Positron

magnetopause
magnetotail

chromosphere, transition region,  
corona - flares, prominences,

coronal mass ejections
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When do we need a kinetic description?



Kinetic Particle-in-cell
Simulations



Fokker-Planck 
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+  Maxwell’s Equations

Using particle-in-cell method:
VPIC code - Bower et al, 2008, 2009

1.  Relativistic, full Maxwell treatment

2.  Monte-Carlo Coulomb collisions

3.  Optimized to exploit newest computers

First-Principles Approach for all Regimes  
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Peta-scale machines offers new opportunities,
but also new challenges

Roadrunner
Cell CBE Chip
~110,000 cores

Kraken - NSF 
Cray XT5

~100,000 cores 

Jaguar - DOE
Cray XT5

~220,000 cores 
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These efforts are permitting an
exponential increase in problem size

My previous 2D 
reconnection studies



What 3D problems are we looking at?

Electron Layer

Electron Layer

Flux rope

mi/me = 300

mi/me = 64Flux rope

mi/me = 300

mi

me
= 200− 400



Extended current sheets and 
secondary-islands are a common 
feature of large-scale 2D studies

Collisional            Collisionless! 

mi

me

=1"1836

Strong and weak guide fields



  Thin sheets are the preferred sites for the onset of reconnection

  Reconnection leads to the formation of new current sheets

  Secondary magnetic islands may play an important role in the 
reconnection rate, energy partition & particle acceleration

Motivation for 3D Kinetic Treatment 
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Fokker-Planck Treatment of Collisions
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  Rigorous treatment of transition 
between fluid & kinetic regimes

 Benchmarks with Braginskii

 For S ~1000, transition from 
Sweet-Parker to kinetic observed 

 Simple estimate fails completely in 
large systems due to plasmoids

 New electron layers also unstable 
to plasmoids

δsp ≈ di critical resistivity

new plasmoidsweakly collisional electron layer



Reconnection Rate Modulated with Plasmoid Formation 
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How do these results 
extend to real 3D systems?
• Secondary magnetic islands             Flux ropes

• More freedom to form islands in 3D

• Can interact in complex ways not possible in 2D

• Stochastic magnetic fields?

• Influence of pre-existing turbulence upstream?

• Potential influence on nearly every aspect of the 
problem - basic cartoon, dissipation rate, etc

• Real need for theory - primary & secondary islands



Focus in detail on one problem:

Island Formation
in Guide Field Reconnection

Theory Simulations
mi
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= 1→ 1836



Island formation is more complicated in 3D

Drift Tearing -  Coppi et al, 1979, Basu & Coppi, 1981, Catto 1974,
Bussac et al, 1978, Drake et al, 1983 

Magnetopause -  Galeev, Kuznetsova, Zeleny, 1986, Gladd, 1990,
 Daughton et al, 2005 

Volume filling islands - Drake et al, Nature, 2006
MAGNETOPAUSE STABILITY THRESHOLD FOR PATCHY RECONNECTION 5 
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Fig. 1. Diffusion of magnetic field lines through the MBL. (a) All magnetic surfaces within the MBL are 
destructed. The stochastic wandering of magnetic field lines through the layer results in magnetic 
percolation. Bold solid curve - the magnetic field line penetrating from the magnetosphere to the 
magnetosheath. (b) A region with stable magnetic surfaces exists within the MBL. The stochastic wandering 
of magnetic field lines does not result in percolation if the width of this region is larger than b~o. The 

topological connection of magnetic field lines on both sides of the MBL is absent. 

the entire MBL. Taking into account the stochastic nature of the process, this 

terminology seems to be even more appropriate for the phenomena under discussion 

than the sometimes misleading use of such words as 'merging' or 'reconnection'. As will 

be shown in Appendix 2 (see also Biscamp, 1977; Swartz and Hazeltine, 1984; Galeev 

et al., 1985) the growth of magnetic islands saturates rather quickly at a finite island 

width W*. So, if even a very narrow region (but wider than W*) with stable magnetic 

surfaces exists within the plasma layer it cannot be overlapped by nearby growing 

magnetic islands and thus it appears to be impenetrable for the diffusing field lines. One 

can come to the conclusion that the necessary condition for magnetic percolation to 

occur through the MBL will be the destruction of almost all magnetic surfaces within 

it. Figure l(a) schematically shows the stochastic diffusion of magnetic field lines 

through the destructed MBL. The process of magnetic field stochastic wandering will 

be interrupted if a region (even a thin region) with the smooth, well-defined magnetic 

surfaces exists within the MBL. This case is shown in Figure l(b) where there is no 

topological connection of magnetic field lines on both sides of MBL, and so 

reconnection (in a global or macroscopic sense) is absent (despite the possible observa- 

Galeev et al, 1986 Drake et al, 2006

dusk asymmetries that are weak during storm times3,18 require an
acceleration mechanism that can diffuse particles dawnward and
duskward while still gaining energy. In the Fermi model, the particle
energy gain is independent of the sign of vk and therefore indepen-
dent of the direction of motion across the tail. Thus, there is no
intrinsic limit on the energy gain. Distributions of high-energy
particles in the magnetosphere are typically power laws, consistent
with Fig. 4c. Remarkably, the model yields a spectral index for
energetic particles of 3.7 for the Wind parameters, which is close to
the measured value of 3.8 (ref. 4).
An important conclusion from solar satellite observations is that

up to half of the energy released during solar flares is transferred to
electrons. In the data presented in Fig. 4, the electrons receive the
bulk of the released magnetic energy in the core of the multi-island
region. In the low b e0 regime of the corona, the spectral index of
energetic electrons approaches a lower limit of 1.5, a spectrum that is
hard but is occasionally observed19. As essentially all of the electrons
entering the multi-island region through the area S ¼ Dx £ D z in
Fig. 4a undergo significant acceleration, rates of energetic electron
production of 1036 s21 as inferred from observations20 are possible but
only if S is macroscopic (n ¼ 109 cm23, uy ¼ 0.1cAx, B ¼ 100G and
S ¼ 1019 cm2, yields _N¼ nuyS, 1036 s21). Some solar observations
do reveal island-like structures in macroscale current layers21.
Data from the present fleet of magnetospheric satellites should be

able to validate key features of the present model. Secondary

magnetic islands in the vicinity of the dissipation region are required
for the production of very energetic electrons and should be
measurable in the existing data sets. Secondary islands and energetic
electrons should not be produced unless the ambient electron
pressure is small (b e0 ¼ 8pp e0/B

2 ,, 1).

Figure 4 | Particle acceleration in a multi-island reconnection geometry.
a, Diagram showing volume filling islands expected around the reversal
region, where owing to incompressibility the inflow velocity is given by
u in ¼ cAxDy/Dx. To calculate electron acceleration, we average the energy
gain in equation (1) over many islands, including the scattering of energy
from the parallel to the perpendicular direction:
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where the contraction velocity of each island is the upstream Alfvén speed
cAxi and d yi is the island width. The subscript “i” indicates that the value can
vary among the different islands. The resulting equation for the
omnidirectional distribution function F(x,y,v) is solved numerically. One
quadrant (x,y . 0) of F(x,y,1.95v te) is shown in b along with the streamlines
of the flow for Â ¼ 0.6 and be0 ¼ 0.02, where v te is the initial thermal
velocity of the upstream maxwellian distribution. The white band results
from the heating of inflowing low energy electrons and the dark band from
the depletion of these particles as they move to even higher energies.
c, Energy spectra for Â ¼ 0.6 and several values of b e0 at x,y ¼ 0,0. The
spectra are power laws at high energy with spectral indices j of 1.3, 1.7, 2.2
and 3.7 for be0 ¼ 0.0, 0.02, 0.06 and 0.16, respectively. The dip results from
the depletion of particles undergoing acceleration to higher energy. For
Â ¼ 0.6, the energy integrals of the spectra diverge in the absence of the back
pressure from energetic particles (the b e0 ¼ 0.0 spectrum in c matches the
j ¼ 1.33 prediction from equation (4)). For any finite b e0 the back pressure
from the energetic particles reduces the drive to regularize the energy
spectrum. The limiting spectral index for low b e0 is 1.5. Higher values of b e0

yield softer spectra with j ¼ 3.7 for the case b e0 ¼ 0.16, close to the
measured value of 3.8 at b e0 ¼ 0.16 from the Wind energetic particle
observations4. In the strongly driven regime (Â . 0.5), the power-law
indices are nearly independent of Â. The ambient value of b e0 is therefore
the dominant control parameter for the spectra of energetic electrons during
magnetic reconnection.

Figure 3 | Electron Fermi acceleration in squashed flux bubbles. Shown are
the results of two-dimensional simulations of electron acceleration in
isolated, squashed flux bubbles, where Fermi acceleration can be studied
without the interference from the parallel electric fields associated with
magnetic reconnection. The release of magnetic energy as the bubbles
contract and become round is essentially the same as in the contraction of
magnetic islands during magnetic reconnection. a, The initial magnetic field
lines in a squashed magnetic bubble superimposed over the uniform,
isotropic electron temperature Te0 ¼ 0.1. The bubble is initially in force
balance in the y direction (the variation in the density enabling the plasma
pressure to balance the magnetic pressure) but not in the x direction.
Initially be0 ¼ 8pn0Te0/B0

2 ¼ 0.27, where n0 and B0 are the maximum
values of the density andmagnetic field, andBz is zero. Realistic values of the
electron mass (m i/1,836) and velocity of light (c ¼ 100cA) are required so
the electrons can undergo many Fermi reflections during the contraction of
the bubble. b, The parallel electron temperature Tek and magnetic field lines
at late time. Note the increase in the parallel temperature within the bubble
and the near circular shape of the finalmagnetic field lines. The change in the
perpendicular temperature is small. Sixty percent of the released magnetic
energy is transferred to electrons. c, Tek and the magnetic field lines at late
time shown from a simulation that is identical to that shown in a and b but
with a larger initial electron pressure (b e0 ¼ 1.1). In this case, the back
pressure from the accelerated electrons prevents the full contraction of the
bubble, consistent with the discussion following equation (2).
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Harris Sheet Geometry with a Guide Field
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Tearing Modes are Localized about Resonant Surfaces
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Â = Ã(z) exp [−iωt + ikxx + ikyy]

φ̂ = φ̃(z) exp [−iωt + ikxx + ikyy]
Ê = −∇φ −

1

c

∂Â
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dusk asymmetries that are weak during storm times3,18 require an
acceleration mechanism that can diffuse particles dawnward and
duskward while still gaining energy. In the Fermi model, the particle
energy gain is independent of the sign of vk and therefore indepen-
dent of the direction of motion across the tail. Thus, there is no
intrinsic limit on the energy gain. Distributions of high-energy
particles in the magnetosphere are typically power laws, consistent
with Fig. 4c. Remarkably, the model yields a spectral index for
energetic particles of 3.7 for the Wind parameters, which is close to
the measured value of 3.8 (ref. 4).
An important conclusion from solar satellite observations is that

up to half of the energy released during solar flares is transferred to
electrons. In the data presented in Fig. 4, the electrons receive the
bulk of the released magnetic energy in the core of the multi-island
region. In the low b e0 regime of the corona, the spectral index of
energetic electrons approaches a lower limit of 1.5, a spectrum that is
hard but is occasionally observed19. As essentially all of the electrons
entering the multi-island region through the area S ¼ Dx £ D z in
Fig. 4a undergo significant acceleration, rates of energetic electron
production of 1036 s21 as inferred from observations20 are possible but
only if S is macroscopic (n ¼ 109 cm23, uy ¼ 0.1cAx, B ¼ 100G and
S ¼ 1019 cm2, yields _N¼ nuyS, 1036 s21). Some solar observations
do reveal island-like structures in macroscale current layers21.
Data from the present fleet of magnetospheric satellites should be

able to validate key features of the present model. Secondary

magnetic islands in the vicinity of the dissipation region are required
for the production of very energetic electrons and should be
measurable in the existing data sets. Secondary islands and energetic
electrons should not be produced unless the ambient electron
pressure is small (b e0 ¼ 8pp e0/B

2 ,, 1).

Figure 4 | Particle acceleration in a multi-island reconnection geometry.
a, Diagram showing volume filling islands expected around the reversal
region, where owing to incompressibility the inflow velocity is given by
u in ¼ cAxDy/Dx. To calculate electron acceleration, we average the energy
gain in equation (1) over many islands, including the scattering of energy
from the parallel to the perpendicular direction:
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where the contraction velocity of each island is the upstream Alfvén speed
cAxi and d yi is the island width. The subscript “i” indicates that the value can
vary among the different islands. The resulting equation for the
omnidirectional distribution function F(x,y,v) is solved numerically. One
quadrant (x,y . 0) of F(x,y,1.95v te) is shown in b along with the streamlines
of the flow for Â ¼ 0.6 and be0 ¼ 0.02, where v te is the initial thermal
velocity of the upstream maxwellian distribution. The white band results
from the heating of inflowing low energy electrons and the dark band from
the depletion of these particles as they move to even higher energies.
c, Energy spectra for Â ¼ 0.6 and several values of b e0 at x,y ¼ 0,0. The
spectra are power laws at high energy with spectral indices j of 1.3, 1.7, 2.2
and 3.7 for be0 ¼ 0.0, 0.02, 0.06 and 0.16, respectively. The dip results from
the depletion of particles undergoing acceleration to higher energy. For
Â ¼ 0.6, the energy integrals of the spectra diverge in the absence of the back
pressure from energetic particles (the b e0 ¼ 0.0 spectrum in c matches the
j ¼ 1.33 prediction from equation (4)). For any finite b e0 the back pressure
from the energetic particles reduces the drive to regularize the energy
spectrum. The limiting spectral index for low b e0 is 1.5. Higher values of b e0

yield softer spectra with j ¼ 3.7 for the case b e0 ¼ 0.16, close to the
measured value of 3.8 at b e0 ¼ 0.16 from the Wind energetic particle
observations4. In the strongly driven regime (Â . 0.5), the power-law
indices are nearly independent of Â. The ambient value of b e0 is therefore
the dominant control parameter for the spectra of energetic electrons during
magnetic reconnection.

Figure 3 | Electron Fermi acceleration in squashed flux bubbles. Shown are
the results of two-dimensional simulations of electron acceleration in
isolated, squashed flux bubbles, where Fermi acceleration can be studied
without the interference from the parallel electric fields associated with
magnetic reconnection. The release of magnetic energy as the bubbles
contract and become round is essentially the same as in the contraction of
magnetic islands during magnetic reconnection. a, The initial magnetic field
lines in a squashed magnetic bubble superimposed over the uniform,
isotropic electron temperature Te0 ¼ 0.1. The bubble is initially in force
balance in the y direction (the variation in the density enabling the plasma
pressure to balance the magnetic pressure) but not in the x direction.
Initially be0 ¼ 8pn0Te0/B0

2 ¼ 0.27, where n0 and B0 are the maximum
values of the density andmagnetic field, andBz is zero. Realistic values of the
electron mass (m i/1,836) and velocity of light (c ¼ 100cA) are required so
the electrons can undergo many Fermi reflections during the contraction of
the bubble. b, The parallel electron temperature Tek and magnetic field lines
at late time. Note the increase in the parallel temperature within the bubble
and the near circular shape of the finalmagnetic field lines. The change in the
perpendicular temperature is small. Sixty percent of the released magnetic
energy is transferred to electrons. c, Tek and the magnetic field lines at late
time shown from a simulation that is identical to that shown in a and b but
with a larger initial electron pressure (b e0 ¼ 1.1). In this case, the back
pressure from the accelerated electrons prevents the full contraction of the
bubble, consistent with the discussion following equation (2).
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  Kinetic Theory is Tricky in Thin Layers
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Numerically solve integro-differential eigenvalue problem

Daughton, PoP, 2003Use formally exact technique
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We also developed new asymptotic theory
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Conditions to Drive Oblique Modes
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2D Simulations Only Permit Resonant Surface at z=0 

x

z 240di → 1024 cells

mi = me

By = Bo

12
0d

i
→

51
2

ce
lls

Je
Conducting + reflecting

Conducting + reflecting

PeriodicPeriodic



2D

3D - slice
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Oblique modes totally change solution



Somewhat later tΩci = 150
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Oblique modes begin to dominate at later times
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New Run on Kraken - Scaling Study 
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3D Structure from Kraken Run
∼ 3.3× 109cells ∼ 1.3× 1012 particles

Current filaments
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3D Complexity slows energy dissipation!
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Coherent flow pattern from 2D is disrupted
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Does this work the same
way for hydrogen plasmas?



For hydrogen - location of matching between 
inner and outer regions is important 

Exact Vlasov
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dÃ�

dz

�����
zs+�

−
dÃ�
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Early Structure at High Mass Ratio

Primary Islands
z

x

∼ 3.3× 109cells ∼ 1.1× 1012 particles

mi/me = 64



Dynamics does NOT result in this picture
based on the initial tearing modes
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Fig. 1. Diffusion of magnetic field lines through the MBL. (a) All magnetic surfaces within the MBL are 
destructed. The stochastic wandering of magnetic field lines through the layer results in magnetic 
percolation. Bold solid curve - the magnetic field line penetrating from the magnetosphere to the 
magnetosheath. (b) A region with stable magnetic surfaces exists within the MBL. The stochastic wandering 
of magnetic field lines does not result in percolation if the width of this region is larger than b~o. The 

topological connection of magnetic field lines on both sides of the MBL is absent. 

the entire MBL. Taking into account the stochastic nature of the process, this 

terminology seems to be even more appropriate for the phenomena under discussion 

than the sometimes misleading use of such words as 'merging' or 'reconnection'. As will 

be shown in Appendix 2 (see also Biscamp, 1977; Swartz and Hazeltine, 1984; Galeev 

et al., 1985) the growth of magnetic islands saturates rather quickly at a finite island 

width W*. So, if even a very narrow region (but wider than W*) with stable magnetic 

surfaces exists within the plasma layer it cannot be overlapped by nearby growing 

magnetic islands and thus it appears to be impenetrable for the diffusing field lines. One 

can come to the conclusion that the necessary condition for magnetic percolation to 

occur through the MBL will be the destruction of almost all magnetic surfaces within 

it. Figure l(a) schematically shows the stochastic diffusion of magnetic field lines 

through the destructed MBL. The process of magnetic field stochastic wandering will 

be interrupted if a region (even a thin region) with the smooth, well-defined magnetic 

surfaces exists within the MBL. This case is shown in Figure l(b) where there is no 

topological connection of magnetic field lines on both sides of MBL, and so 

reconnection (in a global or macroscopic sense) is absent (despite the possible observa- 

Galeev et al, 1986

What about secondary instabilities?
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Summary & Future Outlook
 Petascale computing is allowing kinetic studies ~(100-1000)x larger 

than previous state-of-the-art efforts 

  Real potential for breakthrough progress - but computing will never 
be a substitute for thinking - still desperately need theory, laboratory 
experiments, space observations, etc

 We can move beyond simple cartoons 

   New asymptotic theory offers simple predictions of when to expect 
this complex evolution - need similar theory for secondary islands
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Fig. 1. Diffusion of magnetic field lines through the MBL. (a) All magnetic surfaces within the MBL are 
destructed. The stochastic wandering of magnetic field lines through the layer results in magnetic 
percolation. Bold solid curve - the magnetic field line penetrating from the magnetosphere to the 
magnetosheath. (b) A region with stable magnetic surfaces exists within the MBL. The stochastic wandering 
of magnetic field lines does not result in percolation if the width of this region is larger than b~o. The 

topological connection of magnetic field lines on both sides of the MBL is absent. 

the entire MBL. Taking into account the stochastic nature of the process, this 

terminology seems to be even more appropriate for the phenomena under discussion 

than the sometimes misleading use of such words as 'merging' or 'reconnection'. As will 

be shown in Appendix 2 (see also Biscamp, 1977; Swartz and Hazeltine, 1984; Galeev 

et al., 1985) the growth of magnetic islands saturates rather quickly at a finite island 

width W*. So, if even a very narrow region (but wider than W*) with stable magnetic 

surfaces exists within the plasma layer it cannot be overlapped by nearby growing 

magnetic islands and thus it appears to be impenetrable for the diffusing field lines. One 

can come to the conclusion that the necessary condition for magnetic percolation to 

occur through the MBL will be the destruction of almost all magnetic surfaces within 

it. Figure l(a) schematically shows the stochastic diffusion of magnetic field lines 

through the destructed MBL. The process of magnetic field stochastic wandering will 

be interrupted if a region (even a thin region) with the smooth, well-defined magnetic 

surfaces exists within the MBL. This case is shown in Figure l(b) where there is no 

topological connection of magnetic field lines on both sides of MBL, and so 

reconnection (in a global or macroscopic sense) is absent (despite the possible observa- 



Summary & Future Outlook

  For guide field regimes, reconnection be inherently 3D, which may 
have far reaching implications for:

 Dissipation rate
 Generation of stochastic magnetic fields
  Structure of exhaust
  Transport and acceleration of particles

 Studies of reconnection in large 3D systems will be increasingly 
interconnected with turbulence

 Influence of pre-existing upstream turbulence may be huge issue!

 Finally - we can also now start to think about 2D global kinetic 
modeling of many more kinds of problems


