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Link Between Magnetic Reconnection, Kinetic Turbulence, 
and Global Dynamics !

(e.g. of the Earth’s Magnetosphere)

Motivation: the understanding of the Sun-Earth connection

Global dynamics Microscopic 
kinetic physics

Sun: !
turbulence, 

reconnection

Solar wind: !
turbulence, reconnection

Magnetosphere:!
global effects, reconnection, 

turbulence

Underlying theme: cross-scale coupling in collisionless plasmas. 

Petascale 
kinetic 

simulations



Why it Matters: Space Weather

	

 •	

 Electric Power Grid: Large-scale blackouts and permanent damage to transformers, with lengthy    
restoration periods. 	



	

 •	

 Global Satellite Communications: Widespread service disruptions to financial, telemedicine,    
government, and Internet services	



	

 •	

 Global Positioning System (GPS) Positioning and Timing: Degradations of military weapons    
accuracy, air traffic management, transportation, precision survey/construction, agriculture, energy 
exploration, ship navigation/commerce, financial transactions, and cell phone/broadband. 	



	

 •	

 Satellites & Spacecraft: Loss of satellites and capabilities, of space situational awareness    
(including detection of hostile actions),  and increased risk to astronaut safety, etc	



!
Estimated cost of a severe geomagnetic storm (such as the 1859 “super storm”) on the satellite 

industry alone could be approximately $50 - $100 billion.  
The potential consequences on the Nation’s power grid are even higher, with potential costs of 

$1 - 2 trillion that could take up to a decade to completely repair.	



Potential Impact of Large-Scale Event according to “Report on Space Weather Observing 
Systems: Current Capabilities and Requirements For The Next Decade”
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d • Forbidden in “ideal” MHD (superconducting fluid) 

• Flux conservation is a simple, but powerful constraint  

that may lead to accumulation of energy  

• Reconnection=breakage of the ideal constraint. 

• Occurs in narrow spatial regions (current sheets) 

• Leads to rapid (sometimes explosive) relaxation and 

energy release

Magnetic Reconnection



Kinetic Plasma Turbulence

• Both solar wind and solar corona 
famously exhibit “anomalous” 
temperature profiles 

• Local energy input due to dissipation of 
turbulence is a possible explanation 

• Plasmas of interest are hot and rarified, 
i.e. “collisionless”  

• Dissipation is provided by collective 
modes, rather that by binary Coulomb 
collisions 

• A variety of mechanisms proposed in the 
literature 

• Understanding of how they work together 
can only be provided by simulations that 
include all of them 

• The dominant mechanism dictates 
partition of dissipated energy, etc



“First Principle”, Large-Scale Simulations !
=> Blue Waters

Both turbulence and reconnection are characterized by large separation of scales 
and require  highly expensive simulations

Progress in Particle Simulations 
(measured in terms of number of particles) 
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+ Maxwell’s equations~up to 1010 cells	



~up to 4x1012 particles	



~120 TB of memory	



~107 CPU-HRS	



~up to 500,000 cores
Large scale hybrid kinetic simulation:	



(kinetic ions + fluid electrons; 	



codes: H3D, HYPERES)	



~up to 1.7x1010 cells	



~up to 2x1012 particles	



~130 TB of memory	



Fully kinetic simulation 	



(all species kinetic; code: VPIC)



First 3D Simulations of Collisionless Plasma Turbulence  that 
Simultaneously Resolve Kinetic Physics and Large Scale 

(MHD) Dynamics. 

Science target: dissipation of cascading energy in collisionless plasmas: coherent structures 
vs resonant wave-particle interactions vs stochastic damping; Findings: current sheets and 

their properties, energy partition;  Papers: Wan et al., PRL 2015; Roytershteyn et al., PoP , tbd

Current density
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tency. To investigate these issues requires the detection
of structures and characterizing them using statistical
methods, for example, as has been done previously in
2.5D kinetic simulations [10, 11], and in some 3D simu-
lations of reconnection [29]. Lacking a simple expression
for the dissipation function in a kinetic plasma, we resort
to examination of quantities related to the work done
by the electromagnetic field on the plasma particles. To
this end we focus here on statistics related to the electric
current density.

Figure 3 we shows the magnitude of current density
J in a close-up of a small region in a transverse plane
selected from the 3D simulation. Evidently the regions
of strong current density form a hierarchy of coherent
structures extending across a wide range of scales. In
the same figure, we show contour of proton temperature
Ti for the same spatial region, and the temperature is
also seen to be structured, with spatial patches of both
high and low values. Moreover, while the images are
rather different in their details, there is a suggestion that
regions of enhanced (suppressed) temperatures tend to be
found in or near regions of enhanced (suppressed) current
density.

At this point we must consider that the connection
between dissipation and current density is made precise
only in plasmas in which Ohmic resistive dissipation is
the principle nonideal mechanism, so that the resistive
electric field is the dominant nonideal contribution to
the the generalized Ohm’s law. In the low collisional-
ity case or the collisionless limit one cannot draw this
conclusion. Nevertheless even in this case there is ample
theoretical reason to suspect that regions of high current
density may be connected with enhanced dissipation. For
example large current density may trigger wave-particle
or wave-wave interactions that drive dissipation and pro-
duce an “anomalous” resistivity [33, 34]. Indeed, recent
simulations of collisionless plasma have suggested that
high current regions are associated with enhanced dissi-
pation [10, 11, 23].

Here, to identify and statistically characterize regions
that might contain elevated dissipation, we examine D =
J · E, the work done by electromagnetic fields on the
particles. Conversion of magnetic energy into random
kinetic energy must be contained in D, and since par-
ticles in collisionless plasmas interact only through the
electromagnetic fields, dissipation must be contained in
these measures. This identification is complicated by
contributions from fluid motions, compressions, and re-
versible motions such as plasma oscillations. To reduce
(but not eliminate) contributions due to fluid motions, we
may evaluate D in a frame moving with either ve, or vi.
Here we also consider a related electron frame quantity
De = J ·(E+ve×B)−ρc(ve ·E), where ρc = q(ni−ne) is
the charge density[18]. A related interpretation of De is
the work done by the nonideal part of the electric field in
a generalized Ohms law, corrected by removing the work
associated with transport of the net charge.

In Figure 4, we show the probability density functions
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FIG. 4: (a) PDFs of dissipation proxies: the electron frame
dissipation measure De, J · E. (b) Conditional average of
dissipation De calculated conditioning on the value of current
density, normalized by the global average dissipation rate <
De >. Also shown are the same results from a 2.5D PIC
simulation [10].

(PDFs) of dissipation proxies: the electron frame dissi-
pation measure De, and J ·E. Both proxies have a broad
and slightly asymmetric PDF. J ·E has the broader dis-
tribution, as it includes additional contributions due to
fluid scale stresses that exchange magnetic and flow en-
ergies. The slight preponderance of positive values in the
distributions produce good agreement of global average
values of dissipation ⟨De⟩ = 1.3×10−7c3/de, which com-
pares well with the computed decay of fluctuation energy
(not shown).

In the same figure we plot the calculated average of
dissipation De conditioned on the value of current den-
sity, and normalized by the global average dissipation
rate ⟨De⟩. The conditionally averaged De per unit vol-
ume ⟨De|J⟩ normalized by ⟨De⟩ is found to be a strongly
increasing function of electric current density J . For ex-
ample, in regions with current greater than eight times its

Energy Partition



Generation of Small-Scale Magnetic Holes in Turbulence

soliton-like 
structures

Science target: coherent structures in collisionless plasmas; Findings: electron-scale 
magnetic holes;  Papers: Roytershteyn et al., Phil. Trans. R. Soc. A  2015 



To examine the dissipation physics, each term in the
electron momentum equation was evaluated and time aver-
aged over an interval 1=!ci (corresponding to 625 time
slices). The y component of each term is shown in Fig. 4(c)
across the layer as indicated. The peak nonideal electric
field (red) inside the layers is balanced predominantly
by the divergence of the pressure tensor r ! Pe (green).
For the example shown, there is a strong cancellation
between r ! Pe and the inertial term (blue), but for other
slices there are regions in which the inertial terms domi-
nate. Separating quantities into a mean and fluctuating
component, the anomalous resistivity (purple) arising
from h!ne!Eyi is typically quite small &5%.

The results in Fig. 4(d) were computed in the same
manner, but for the parallel component of the momentum
balance across the three electron layers as indicated in
Fig. 4(b). The parallel electric field Ek is supported by
the combined influence of electron inertia and the pressure
tensor. To understand this further, it is useful to decompose
the pressure tensor into a portion that is cylindrically

symmetric (i.e., gyrotropic) about the local magnetic
field Peg " Pe?Iþ ðPek % Pe?Þbb so that we can write
ðr ! PegÞk ¼ @kPek % ðPek % Pe?Þ@k lnjBj, where @k "
b !r and b " B=jBj. Evaluating these contributions
from Pek " b ! Pe ! b and Pe? " ½TrðPeÞ % Pek)=2 dem-
onstrates that in most regions ðr ! PeÞk * @kPek with
significant differences occurring only inside the electron
layers where the pressure tensor is nongyrotropic, similar
to recent spacecraft observations [32]. While intense
streaming is clearly evident, reconnection drives strong
parallel heating in low-" regimes [25], resulting in layers
that are marginally below the Buneman threshold. There is
no evidence that shear instabilities broaden these layers or
alter the dissipation physics. Instead, it appears the electron
pressure tensor provides ample flexibility for breaking the
frozen-flux constraint in low "e * 0:01 regimes.
Despite the rich 3D dynamics, the energy conversion

time scale is nearly the same as 2D. To quantify the
3D reconnection rate, one leading idea [33] involves com-
puting hEki ¼

R
Ekds along field lines passing through the

diffusion region back into an ideal region where Ek ¼ 0.
Applying this approach is complicated by the fact that the
magnetic field lines are chaotic and it is difficult to identify a
transition back into an ideal region. Instead, we selected 20
seed points along the central electron sheet in Fig. 4(b) and
integrated Ek along these magnetic field lines once through
the system. The resulting average hEki * 0:023VAB0=c is
very close to the corresponding 2D simulation near the
x-line Ek * 0:025VAB0=c, indicating the rates are nearly
the same. However, this does not imply that all details of
the energy conversion are the same. In particular, the 3D
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FIG. 4 (color online). (a) Current density J within the diffusion
region and ion streamlines (white) for the large 3D simulation
with mi=me ¼ 100, bg ¼ 4, and "e * 0:01 at t!ci ¼ 44.
(b) Example of a diffusion region with three electron layers
from the same simulation at later time t!ci ¼ 65. (c) Terms in
the time-averaged electron momentum equation evaluated along
the line indicated in (a) along with the anomalous resistivity
h!ne!Eyi. (d) Dominant terms balancing the parallel electric
field Ek along the line indicated in (b). In both (c) and (d) all
terms are normalized by n0VAB0=c where VA ¼ B=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4#min0

p
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FIG. 3 (color online). (a) Three-dimensional structure of
reconnection for the large simulation with mi=me ¼ 100, bg ¼
2:5, "e ¼ 0:025 at t!ci ¼ 36. Shown is an isosurface of particle
density, colored by the current density along with sample mag-
netic field lines (yellow). Cutting planes also show the current
along with streamlines of the in-plane ion flow velocity (white).
(b) Closeup of the electron diffusion region along with sample
streamlines of the current density (red).

PRL 110, 265004 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
28 JUNE 2013

265004-4

3D Local Fully Kinetic Simulation of Magnetic Reconnection

Science target: structure of magnetic reconnection region; Findings: details electron 
diffusion region and force balance in 3D system. Paper: Liu et al. PRL, 2013

NASA Magnetospheric 
Multiscale (MMS)  Mission



MHD: smooth !
(Tang et al., JGR, 118, 2013)!

Kinetic: turbulence & large-scale 
perturbations (Karimabadi, et al. PoP, 2014)

Nearly radial IMF 

2D hybrid simulation  (~10K cores on NASA Pleiades)

Reflected ions drive foreshock turbulence 
that interacts with the shock & drives 

magnetosheath turbulence

density*sign(Vx)

Global Simulations of Magnetosphere!
Reconnection+Turbulence+Global Dynamics



3D Global Hybrid Simulations of Magnetosphere

Earth



Global Fully Kinetic Simulations of Magnetosphere

Magnetosphere

Local model: physics of 
reconnection, but no global 

geometry or drive

Global 3D models: 
reconnection is unphysical

IMF

dipole

solar wind
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absorption

middle ground: all of 
physics + 2D geometry

NASA/Goddard Space Flight Center Scientific 
Visualization Studio



enhanced core density!
small core field

uniform core density!
enhanced core field

extended region of non-zero B: !
crucial for FTEs with core field?

density out-of-plane Ba) b)

2D Global Fully Kinetic Simulations

Science target: magnetic reconnection in a global environment. Coupling between 
microphysics of reconnection and global dynamics. Paper: Karimabadi, et al. PoP, 2014
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FIG. 1: Results from 2D and 3D PIC simulations with � =
100. (a) Current density from 2D simulation at !pet = 375.
(b) x-z cut of current density and an isosurface of current
density with color-coded J · E normalized using n0mec

2
!pe

at !pet = 375. (c) Evolution of magnetic energy EB , total
kinetic energy Ek, and kinetic energy carried by relativistic
particles with � > 4. (d) Evolution of particle energy spectra
from 2D and 3D simulations. Subpanel: energy spectrum
from the 3D simulation at !pet = 700.
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for � = 1600 in order to satisfy U
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< c. All
simulations used more than 100 particles per cell for each
species, employed periodic boundary conditions in the x-
and y-directions, and in the z-direction used conducting
boundaries for the fields and reflecting for the particles.

A long-wavelength perturbation [22] with B

z

= 0.03B0

is included to initiate reconnection.
Simulation results – Figure 1 contrasts some key re-

sults from 2D and 3D simulations with � = 100 and
domain size L
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for
the 3D simulation). Panel (a) shows the current density
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t = 375 in the 2D simulation. Because of the sec-
ondary tearing instability, several fast-moving secondary
plasmoids develop along the central region and merge to
form larger plasmoids [22]. Panel (b) shows an isosur-
face of current density colored by J · E at !

pe

t = 375
from the 3D simulation. As the initial guide field is ex-
pelled outward from the central region, the kink insta-
bility [23] develops and interacts with the tearing mode,
leading to a turbulent evolution [24]. Previous studies
have suggested di↵erent predictions concerning the in-
fluence of � on the reconnection rate [25–29]. In this
letter, the reconnection rate is observed to increase with
� from E
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⇠ 0.03B0 for � = 1 to E
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⇠ 0.22B0 for
� = 1600. Although the 2D and 3D simulations appear
quite di↵erent, the energy conversion and particle ener-
gization are surprisingly similar. Panel (c) compares the
evolution of magnetic energy E

B

, plasma kinetic energy
E

k

, and energy in relativistic particles with � > 4. In
both cases, about 20% of the magnetic energy is con-
verted into kinetic energy of relativistic particles. Figure
1 (d) compares the energy spectra at various times. The
most striking feature is that a hard power-law spectrum
with index p ⇠ 1.35 forms in both 2D and 3D runs. In
the subpanel, the energy spectrum for all particles in the
3D simulation at !

pe

t = 700 is shown by the red line.
The low-energy portion can be fitted by a Maxwellian
distribution (black) and the nonthermal part resembles
a power-law distribution (blue) starting at � ⇠ 2 with
an exponential cut-o↵ apparent for � & 100. The non-
thermal part contains ⇠ 25% of particles and ⇠ 95% of
the kinetic energy. The maximum particle energy is pre-
dicted approximately using the reconnecting electric field
m
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R
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|cdt until the gyroradius is compa-
rable to the system size. Although we observe a strong
kink instability in the 3D simulations, the energy conver-
sion and particle energy spectra are remarkably similar
to the 2D results, indicating the 3D e↵ects are not crucial
for understanding the particle acceleration. Since there is
more freedom to vary the parameters in 2D simulations,
in the rest of this letter we focus on this limit.

In Figure 2, we present more analysis for the accel-
eration mechanism using the case with � = 100 and
L

x

⇥ L

z

= 600d
i

⇥ 388d
i

. Panel (a) shows the energy
as a function of the x-position of four accelerated par-
ticles. The electrons gain energy by bouncing back and
forth within the reconnection layer. Upon each cycle,
the energy gain is �� ⇠ �, which demonstrates that
the acceleration mechanism is a first-order Fermi pro-
cess [11, 30]. To show this more rigorously, we have
tracked the energy change of all the particles in the

Particle Acceleration by Magnetic Reconnection

Science target: particle acceleration by magnetic reconnection in relativistic regimes; 
Findings: acceleration mechanism. Paper: Guo et al. PRL, 2014
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FIG. 1: Results from 2D and 3D PIC simulations with � =
100. (a) Current density from 2D simulation at !pet = 375.
(b) x-z cut of current density and an isosurface of current
density with color-coded J · E normalized using n0mec

2
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at !pet = 375. (c) Evolution of magnetic energy EB , total
kinetic energy Ek, and kinetic energy carried by relativistic
particles with � > 4. (d) Evolution of particle energy spectra
from 2D and 3D simulations. Subpanel: energy spectrum
from the 3D simulation at !pet = 700.
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verted into kinetic energy of relativistic particles. Figure
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with index p ⇠ 1.35 forms in both 2D and 3D runs. In
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to the 2D results, indicating the 3D e↵ects are not crucial
for understanding the particle acceleration. Since there is
more freedom to vary the parameters in 2D simulations,
in the rest of this letter we focus on this limit.
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cess [11, 30]. To show this more rigorously, we have
tracked the energy change of all the particles in the
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Figure 6. (left) Current sheet structure and (right) electron temperature anisotropy at tearing onset (from top to bottom)
for mass ratios mi∕me = 25, 100, 400, and1836. The current density data are averaged over ±2,±5,±9, and ± 9 neigh-
boring points for mass ratios mi∕me = 25, 100, 400, and1836, respectively, while the anisotropies are averaged over
boxes of size ±0.3,±0.2di in x, z. The rectangles show the width of the electron resonance layers,

√
2!eLz , and one wave-

length (two for mi∕me = 1836) based on the perturbation near onset, as shown in Figure 5, centered at the peak of the
perturbation amplitude.

X line formation. This quantity shows reasonable agreement with the linear growth rates of the 1-D case,
lying typically between the isotropic and anisotropic values. In the case of the real proton/electron mass
ratio, the determination of the onset time was more difficult as it could not be inferred from a comparison
with a stable run at the same deformation amplitude. In addition, the time between onset and neutral line
formation was shorter for large mass ratio than for smaller mass ratio and therefore less certain. We have
indicated this uncertainty by giving a range for the estimate of 1∕Δtox in Table 1.

The electron anisotropies, which develop during the pre-onset phase, raise the growth rates and shift the
stability threshold as well as the maximum growth rate to higher wave numbers, consistent with previ-
ous work [Karimabadi et al., 2004, 2005; Quest et al., 2010]. Ion anisotropies reach similar values as electron
anisotropy. However, their effect on growth rates and stability threshold is considerably smaller, by a factor√

me∕mi [Quest et al., 2010], and therefore not considered here. The wave numbers of the modes at onset
agree quite well with those inferred from linear tearing theory [Daughton, 1999, 2003]. Anisotropy tends to
decrease with increasing mass ratio, but it is still appreciable at mi∕me = 1836. For increasing anisotropy,
the range of unstable wave numbers kx Lz increases and may even exceed unity, the stability threshold for
the isotropic case [Daughton, 1999]. As demonstrated by Figure 5, the mode structure does not show any
characteristic change associated with the neutral line formation, although typically only one peak of Bz (two
for mi∕me = 1836) changes sign. These results support the view that the growing perturbation has the
properties of the tearing mode, even before Bz has changed sign, that is, before neutral line formation.

Using the measured wavelengths near onset, rather than a fixed kxLz = 0.5, we have re-evaluated the mass
ratio dependence of parameter b from equation (12), yielding

b
kx di

= 1
"

√
meTe

miT
(16)

LIU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 9781

Fully Kinetic Mesoscale Simulations of Tail Dynamics

Science target: onset of magnetic reconnection in the magnetotail. Findings: onset 
mechanism, structure of the diffusion region. Paper: Liu et al. JGR, 2014
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• Code optimization (VPIC and H3D). Kalyana Chadalavada (NCSA) and 
Jim Kohn (Cray) 

• Visualization support 
• Lots of support for day-to-day issues, data management, I/O, storage, 

globus, etc (Many thanks to Ryan Mokos for coordinating these efforts)
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Advanced Visualization Lab (Donna Cox, Robert Patterson, 
Stuart Levy, AJ Christensen, Kalina Borkiewicz, Jeff 

Carpenter)

Understanding of fundamental plasma phenomena feeds into many areas: laboratory, 
space, astrophysics, etc. We also did our bit in popularizing the research

Spacecraft observations

NASA MMS



Shared Data

All of our datasets are available to researchers worldwide upon request.  
Partial list of BW’s data users: 
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Princeton University  
University of Delaware 

NASA Goddard 
NASA Ames 

Catholic University of America 
University College London 

LANL 
UCLA 
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