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Abstract of Project Goal and Objective:	
   
CICART is a partnership between the University of New Hampshire (UNH) and 
Dartmouth College. CICART addresses two important science needs of the DoE: the 
basic understanding of magnetic reconnection and turbulence that strongly impacts the 
performance of fusion plasmas, and the development of new mathematical and 
computational tools that enable the modeling and control of these phenomena. The 
principal participants of CICART constitute an interdisciplinary group, drawn from the 
communities of applied mathematics, astrophysics, computational physics, fluid 
dynamics, and fusion physics. It is a main premise of CICART that fundamental aspects 
of magnetic reconnection and turbulence in fusion devices, smaller-scale laboratory 
experiments, and space and astrophysical plasmas can be viewed from a common 
perspective, and that progress in understanding in any of these interconnected fields is 
likely to lead to progress in others. The establishment of CICART has strongly impacted 
the education and research mission of a new Program in Integrated Applied Mathematics 
in the College of Engineering and Applied Sciences at UNH by enabling the recruitment 
of a tenure-track faculty member, supported equally by UNH and CICART, and the 
establishment of an IBM-UNH Computing Alliance. The proposed areas of research in 
magnetic reconnection and turbulence in astrophysical, space, and laboratory plasmas  
include the following topics: (A) Reconnection and secondary instabilities in large high-
Lundquist-number plasmas, (B) Particle acceleration in the presence of multiple magnetic 
islands, (C) Gyrokinetic reconnection: comparison with fluid and particle-in-cell models, 
(D) Imbalanced turbulence, (E) Ion heating, and (F) Turbulence in laboratory (including 
fusion-relevant) experiments. These theoretical studies make active use of three high-
performance computer simulation codes: (1) The Magnetic Reconnection Code, based on 
extended two-fluid (or Hall MHD) equations, in an Adaptive Mesh Refinement (AMR) 
framework, (2) the Particle Simulation Code, a fully electromagnetic 3D Particle-In-Cell 
(PIC) code that includes a collision operator, and (3) GS2, an Eulerian, electromagnetic, 
kinetic code that is widely used in the fusion program, and simulates the nonlinear 
gyrokinetic equations, together with a self-consistent set of Maxwell’s equations.     
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Principal Accomplishments  
 
Magnetic Reconnection 
 
We have made fundamental breakthroughs on the problem of onset of fast reconnection 
in high-Lundquist-number plasmas mediated by the plasmoid instability. The main 
challenge is to explain why reconnection in nature or laboratory devices (including fusion 
devices) can proceed rapidly from a relatively quiescent state in weakly collisional 
plasma characterized by high values of the Lundquist number (S). The classical Sweet-
Parker theory, based on resistive MHD, predicts a reconnection rate that scales as 

€ 

S−1/2

For many systems of interest, the Sweet-Parker reconnection rates are much slower than 
those observed. Recent work has demonstrated that there is a fundamental flaw in the 
Sweet-Parker argument, even within the framework of resistive MHD. When the 
Lundquist number exceeds a critical value, the Sweet-Parker layer is unstable to a super-
Alfvenic tearing instability, hereafter referred to as the plasmoid instability, with a 
growth rate that increases with increasing S. Thus, the original Sweet-Parker current 
sheet breaks down into a chain of plasmoids and progressively thinner current sheets. 
Numerical simulations, supported by heuristic scaling arguments, strongly suggest that 
within the framework of resistive MHD, the nonlinear reconnection rate mediated by the 
plasmoid instability becomes insensitive to the value of S Because the plasmoid 
instability can initiate a cascade to current sheets that are much thinner than the original 
Sweet-Parker sheet, the so-called Hall terms in the generalized Ohm’s law become 
important, triggering the onset of Hall reconnection, which lead to higher reconnection 
rates.  We have carried out the largest 2D Hall MHD simulations to date that demonstrate 
the rich dynamics enabled by the interplay between the plasmoid instability and the Hall 
current. It is shown that the topology of Hall reconnection is not inevitably a single stable 
X-point. There exists an intermediate regime where the single X-point topology itself 
exhibits instability, causing the system to alternate between a single X-point and an 
extended current sheet with multiple X-points produced by the plasmoid instability. 
Examples of applications have been drawn from magnetically confined laboratory 
plasmas, high-energy density plasmas, and space plasmas. 
 
Thus, our understanding of the process of fast reconnection has undergone a dramatic 
change driven, in part, by the availability of high-resolution numerical simulations that 
have consistently demonstrated the break-up of current sheets into magnetic islands, with 
reconnection rates that become independent of Lundquist number, challenging the belief 
that fast magnetic reconnection in flares proceeds via the Petschek mechanism that 
invokes pairs of slow-mode shocks connected to a compact diffusion region. The 
reconnection sites are too small to be resolved with images but these reconnection 
mechanisms, Petschek and the plasmoid instability, have reconnection sites with very 
different density and velocity structures and so can be distinguished by high-resolution 
line-profile observations. Using IRIS spectroscopic observations, the CICART and MPI 
(Germany) groups have obtained a survey of typical line profiles produced by small-scale 
events thought to be reconnection sites on the Sun. The profiles can be reproduced with 
the multiple magnetic islands and acceleration sites that characterize the plasmoid 
instability but not by bi-directional jets that characterize the Petschek mechanism. This 
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result suggests that if these small-scale events are reconnection sites, then fast 
reconnection proceeds via the plasmoid instability, rather than the Petschek mechanism 
during small-scale reconnection on the Sun.  
 

 
 
IRIS observations of short-lived, small-scale brightening on the Sun: (a) Slit-jaw 
difference image; (b-d) Si IV spectral images along the vertical black line and line 
profiles (red) at the site of the yellow arrow in (a). The profiles have multiple components 
often showing a bright core and broad wings. 
 

 
 
High Lundquist number MHD simulations (a, b) of the plasmoid instability show low- velocity, 
high-density  plasmoids within Alfvénic outflow jets. This characteristic current layer is used to 
synthesize line profiles (c, d), which reproduce the observed bright line core and broad wings 
seen in the IRIS spectra. 
 
Recently, magnetic reconnection has been observed in high-energy-density, laser-
produced plasmas, in the presence of extremely high magnetic fields self-generated by 
the Biermann effect. In the experiments, which open up a new experimental regime for 
reconnection study, bubbles of high-energy-density plasma are created by focusing lasers 
down to sub-millimeter-scale spots on a plastic or metal foil. The bubbles, created at 
small separation, expand into one another, and their self-generated magnetic fields are 
squeezed together and reconnect. The CICART group has carried out experiments (on the 
Omega facility at the University of Rochester) as well as fully electromagnetic, particle-
in-cell simulations that account for salient features of these experiments. These laser-
driven experiments are in many ways complementary to traditional experiments with 
magnetized discharge plasmas. Some notable features include the high plasma beta of 
these experiments and the laser-driven plasma expansion, which drives the bubbles 
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together at approximately the sound speed, leading to much stronger inflows than have 
traditionally been studied in reconnection experiments. The PIC simulations suggest that 
these laboratory experiments are the first to produce magnetic flux pile-up at the 
reconnection layer, which is a regime of great interest for a number of astrophysical 
applications where supersonic, magnetized flows collide, such as the interactions of 
planetary magnetospheres with the solar wind, the heliopause, accretion disks, and 
supernova remnants. 
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reconnection, Physical Review Letters 109, 265002 (2012). 
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Physics of Plasmas 20, 055702 (2013).  
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(2013). 
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W. Fox, G. Fiksel, A. Bhattacharjee, P.-Y. Chang, K. Germaschewski, S. X. Hu, and P. M. 
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Letters 111, 225002 (2013). 
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Y.-M. Huang, A. Bhattacharjee, and A. Boozer, Rapid change of field line connectivity and 
reconnection in stochastic magnetic fields, The Astrophysical Journal 793, 106 (2014). 
 
L.-J. Guo, Y.-M. Huang, A. Bhattacharjee, and D. Innes,  Plasma instabilities in the reconnection 
exhaust jet as a mechanism for supra-arcade downflows, The Astrophysical Journal Letters 796, 
L29 (2014). 
 
D. Innes, L.-J. Guo, A. Bhattacharjee, and Y.-M. Huang, Observations of post-flare supra-
arcades: instabilities at the heads of reconnection jets, The Astrophysical Journal 796, 27 (2014). 
 
N. Bessho and A. Bhattacharjee, Instability of the current sheet in the Earth’s magnetotail with 
normal magnetic field, Physics of Plasmas 21, 102905 (2014). 
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N. Bessho, L.-J. Chen, K. Germaschewski, and A. Bhattacharjee, Electron acceleration 
by parallel and perpendicular electric fields during magnetic reconnection without guide 
field, Journal of Geophysical Research, 2015JA021548 (2015) 
 
L. Wang, A.H. Hakim, A. Bhattacharjee, and K. Germaschewski, Comparison of multi-
fluid moment models with particle-in-cell simulations of collisionless magnetic 
reconnection, Phys. Plasmas 22, 012108 (2015) 
 
S. Baalrud, T. Lafleur, W. Fox, and K. Germaschewski, Instability-Enhanced Friction in the 
Presheath of Two-Ion-Species Plasmas, Plasma Sources Sci. Technol. 24 015034 (2015) 
 
K. Germaschewski, W. Fox, N. Ahmadi, L. Wang, S. Abbott, H. Ruhl, and A. Bhattacharjee, 
PSC: A modern particle-in-cell code with load-balancing and GPU support, arXiv:1310.7866. 
 
Astrophysical Turbulence  
 
Our most important accomplishment in the area of astrophysical turbulence has been the 
development of a quantitative theory for determining the stochastic heating rate in low-
frequency turbulence. This effort was a truly collaborative endeavor involving Barrett 
Rogers and Bo Li at Dartmouth College and Ben Chandran and Kai Germaschewski at 
UNH, as well as colleague Eliot Quataert (not part of CICART) at UC Berkeley. This 
work resulted in a paper in the Astrophysical Journal in 2010 that has already been cited 
77 times, attesting to the impact that CICART has had in the astrophysics community.  
This paper also served as the basis for several follow-up papers that generalized our 
original theory to account for minor ions and differential flow between ion species and 
that tested our original theory using numerical simulations and solar-wind observations. 
In related work, we also published two papers on the stochastic acceleration of electrons 
in solar flares. 
 
The second main area of progress was non-compressive Alfven-wave turbulence in the 
solar wind and solar corona. We carried out direct numerical simulations of this type of 
turbulence, accounting for the radial inhomogeneity in the solar-wind outflow velocity, 
density, and magnetic field strength.  These inhomogeneities reflect outward-propagating 
waves back towards the Sun, providing the necessary mix of counter-propagating waves 
needed to generate Alfven-wave turbulence. Our simulations were the first of their kind. 
We showed that even if only large-scale Alfven waves are launched from the Sun, 
reflection-driven turbulence is sufficiently vigorous that the Alfven-wave energy can 
cascade to small scales and dissipate in the solar corona and near-Sun solar wind, 
providing the turbulent heating that is needed in order to heat and accelerate the solar 
wind. We published our work in the Astrophysical Journal. 
 
Our third main accomplishment in the area of astrophysical turbulence was on the topic 
of kinetic plasma instabilities in the solar wind, which are a source of small-scale 
turbulence in the solar wind. We considered instabilities driven by several different 
mechanisms, including differential flow between alpha particles and protons and the 
temperature anisotropy of alpha particles or protons. Two hallmarks of our work were the 
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derivation of analytic expressions for the instability thresholds and the derivation of self-
consistent, non-Maxwellian, marginally stable distribution functions for protons in the 
presence of parallel-propagating Alfven/ion-cyclotron waves. We published our work in 
several papers in the Astrophysical Journal.	
  
	
  
RELEVANT PUBLICATIONS 
  
P. Pongkitiwanichakul and B. Chandran, Stochastic Acceleration of Electrons by Fast 
Magnetosonic Waves in Solar Flares: the Effects of Anisotropy in Velocity and 
Wavenumber Space, The Astrophysical Journal 796, 45 (2014) 
 
J. Perez and B. Chandran, Direct Numerical Simulations of Reflection-Driven, Reduced 
MHD Turbulence from the Sun to the Alfven Critical Point, The Astrophysical Journal 
776, 124 (2013). 
 
Q. Xia, J. Perez, B. Chandran, and E. Quataert, Perpendicular Ion Heating By Reduced 
Magneto- hydrodynamic Turbulence, The Astrophysical Journal 776, 90 (2013) 
 
B. Chandran, D. Verscharen, E. Quataert, J. Kasper, P. Isenberg, and S. Bourouaine, 
Stochastic Heating, Differential Flow, and the Alpha-to-Proton Temperature Ratio in the 
Solar Wind, The Astrophysical Journal 776, 45 (2013) 
 
S. Bourouaine and B. Chandran, Observational Test of Stochastic Heating in Low-β Fast 
Solar Wind Streams Near r = 0.3 AU, The Astrophysical Journal 774, 96 (2013) 
 
D. Verscharen, B. Chandran, and S. Bourouaine, Instabilities Driven by the Drift and 
Temperature Anisotropy of Alpha Particles in the Solar Wind, The Astrophysical Journal 
773, 163 (2013) 
 
D. Verscharen, S. Bourouaine, B. Chandran, and B. Maruca, A Parallel-Propagating 
Alfvenic Ion-Beam Instability in High-Beta Space Plasmas, The Astrophysical Journal 
773, 8 (2013) 
 
D. Verscharen and B. Chandran, The Dispersion Relations and Instability Thresholds of 
Oblique Plasma Modes in the Presence of an Ion Beam, The Astrophysical Journal 764, 
88 (2013) 
 
P. Pongkitiwanichakul, B. Chandran, J. Karpen and C. R. DeVore, The Effects of Wave 
Escape on Fast Magnetosonic Wave Turbulence in Solar Flares, The Astrophysical 
Journal 757, 72 (2012) 
 
P. Isenberg, A self-consistent marginally stable state for parallel ion cyclotron waves, 
Physics of Plasmas 19, 032116 (2012) 
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B. Chandran, T. Dennis, E. Quataert, and S. Bale, Incorporating Kinetic Physics into a 
Two-Fluid Solar Wind Model with Temperature Anisotropy and Low-Frequency Alfven-
Wave Turbulence, The Astrophysical Journal 743, 197 (2011)  
 
 J. Hollweg, S. Cranmer, and B. Chandran, Coronal Faraday Rotation Fluctuations and a 
Wave/Turbulence-Driven Model of the Solar Wind, The Astrophysical Journal 722, 1495 
(2010) 
 
B. Chandran, P. Pongkitiwanichakul, P. Isenberg, M. Lee, S. Markovskii, J. Hollweg, and 
B. Vasquez, Resonant Interactions Between Protons and Oblique Alfven/Ion-Cyclotron 
Waves in the Solar Corona and Solar Flares, The Astrophysical Journal 722, 710 (2010) 
 
B. Chandran, B. Li, B. Rogers, E. Quataert, and K. Germaschewski, Perpendicular Ion 
Heating by Low-Frequency Alfvén-Wave Turbulence in the Solar Wind, The 
Astrophysical Journal 720, 503 (2010) 
 
B. Chandran, Alfven Wave Turbulence and Perpendicular Ion Temperatures in Coronal 
Hole, The Astrophysical Journal 720, 548 (2010) 
 
S. Markovskii, B. Vasquez, and B. D. G. Chandran, Perpendicular Proton Heating Due to 
Energy Cascade of Fast Magnetosonic Waves in the Solar Corona, The Astrophysical 
Journal 709, 1003 (2010) 
 
Gyrokinetic reconnection and turbulence 
 
The Dartmouth group has been remarkably successful in applying gyrokinetic theory and 
simulations to (i) turbulent transport in fusion plasmas (core as well as edge) as well as 
laboratory plasmas (ii) coherent structures such as zonal flows that emerge spontaneously 
from turbulence, and (ii) studies and numerical implementation of sophisticated collision 
operators that enable studies of plasmas at various levels of collisionality 
 
RELEVANT PUBLICATIONS 
 
S. Kobayashi, B. Rogers, and R. Numata, Gyrokinetic simulations of collisionless 
reconnection in inhomogeneous plasmas, Physics of Plasmas (Letter) 21, 040704 (2014) 
 
J. E. Ouellette, J. G. Lyon, and B. N. Rogers, A Study of Asymmetric Reconnection 
Scaling in the Lyon-Fedder-Mobarry Code, Journal of Geophysical Research-Space 
Physics 119, doi:10.1002/2013JA019366 (2013) 
 
J. E. Ouellette, O. J. Brambles, J. G. Lyon, W. Lotko , and B. N.  Rogers, Properties of 
Outflow-Driven Sawtooth Substorms, Journal of Geophysical Research-Space Physics, 
doi:10.1002/jgra.50309 (2013) 
 
P. Ricci and B. N. Rogers, Plasma turbulence in the scrape-off layer of tokamak devices, 
Physics of Plasmas (Letter) 20, 010702 (2013) 
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S. Kobayashi and B. N. Rogers, The quench rule, Dimits shift, and eigenmode 
localization by small-scale zonal flows, Physics of Plasmas 19, 012315 (2012) 
 
B. Li, B. N. Rogers, K. Gentle, and A. Bhattacharjee, Turbulence and bias-induced flows 
in simple magnetized toroidal plasmas, Physical Review E 83, 056406 (2011) 
 
R. Numata, W. Dorland, G. Howes, N. Loureiro, B. Rogers, and T. Tatsuno, Gyrokinetic 
simulations of the tearing instability, Physics of Plasmas 18, 112106 (2011) 
 
B. Rogers and P. Ricci, Low-frequency turbulence in a linear magnetized plasma, 
Physical Review Letters 104, 225002 (2010) 
 
S. Kobayashi and B. Rogers, Gyrokinetic simulations of a particle pinch regime in 
closed-fieldline systems, Physical Review Letters 105, 235004 (2010) 
 
P. Ricci and B. Rogers, Turbulence Phase Space in Simple Magnetized Toroidal Plasmas, 
Physical Review Letters 104, 145001 (2010) 
 
P. Ricci, B. Rogers, and W. Dorland, Collisional damping of zonal flows due to finite 
Larmor radius effects, Physics of Plasmas 17, 072103 (2010) 
 
J. E. Ouellette, B. N. Rogers, M. Wiltberger, and J. G. Lyon, Magnetic Reconnection at 
the Dayside Magnetopause in Global LFM Simulations, Journal of Geophysical Research 
115, doi:10.1029/2009JA014886 (2010) 
	
  
	
  
List of Personnel (at the University of New Hampshire and Dartmouth College)  
 
Faculty (including tenured and research professors) 
Amitava Bhattacharjee 
Benjamin Chandran 
Li-Jen Chen 
Fatima Ebrahimi 
Kai Germaschewski 
Phillip Isenberg 
Joseph Klewicki 
Barrett Rogers 
 
Postdoctoral Fellows and Research Scientists 
Scott Baalrud (no salary charge, supported by a DOE Postdoctoral Fellowship) 
Naoki Bessho 
William Fox 
Sumire Kobayashi 
Eric Lund 
A. Rualdo Soto-Chavez 
Brian Sullivan 



	
   10	
  

Varun Tangri 
Hongang Yang  
 
Graduate Students 
Carrie Black, PhD 
Michael Dunstan, MS 
Matthew Gorby, MS 
Lijia Guo, PhD 
B. Li, PhD 
Sumire Kobayashi, PhD 
Jeremy Oulelette, PhD 
Peera Pongkitiwanichakul, PhD 
Liang Wang, PhD 
Qian Xia, PhD 
 
Nearly all personnel, including some graduate students, were partially supported at 
variable rates during the grant period. Personnel, who were partially supported, drew 
their remaining support from various grants awarded by NSF and NASA. While some of 
these grants had synergism with CICART objectives, their tasks and deliverables are well 
separated from those of CICART. 
 
Other Support 
 
CICART personnel have benefitted greatly from synergistic support from DOE, NASA, 
and NSF, both during the period of the grant, as well as after. In other words, CICART 
research has benefitted UNH and Dartmouth College in particular, and more broadly, the 
state of New Hampshire in expanding the scope of research in laboratory, space, and 
astrophysical plasmas.      
 
	
  
	
  


